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preface first edition 


The revision of syllabus by the University of Rejagthan 
OOmpels studants preparing for B. Sc, (Pass) Examinations to 
OOnault psyerai books for the prescribed syaliabus. Our Physical 
ghemiptry (Part I) covers the prescribed course for B. Sc, (Pass) 
gecqnd Yeat, Now we are placing Physical Chemistry (Part II) 
in your hands which covers all the topics presgrlbed in the 
syllabus for 8. So. (Pass) Third Year. 

Following the trend set in Part I, the style employed is lucid 
and the subject matter has been presented in suoh a way that it 
helps in proper and easy understanding of various concepts, 
gophisticated mathematical treatments have been avoided as far 
as possible, Standard sign and symbol convention? have been 
used, Various numerical problems, both solved and unsolved, 
have been given to familiarise the students with the principles 
involved, Ob|eqtive type questions have been added at the end 
pf each chapter to test the knowledge gained by the students. 

We are thankful to Shri IVI.C, Quota, Panchsheel Prakashan, 
dgipur who took keen interest in publishing this book. 

We shall be glad to receive comments and suggestions for 
the improvement of this book. 


Aug, 1b, 1873 
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Spectroscopy 


Introduction. 


Some of the experimental methods of physics have been used 
frequently to solve many problems in chemistry during the last sixty 
years. These physical methods have opened new areas of research 
in chemistry. They can be broadly divided into two main cate- 
gories : 

(/) Spectroscopic methods. 

(//) Diffraction methods. 

We shall study about spectroscopic methods in this chapter, 
whereas diffraction methods will be dealt in the next chapter. 

Apart from its lot of use in physics and chemistry, spectroscopy 
has contributed a great deal of knowledge regarding the changes 
taking place on earth as well as heavenly bodies. We have already 
learnt about the atomic spectra in our previous classes, hence we 
shall chiefly pay our attention to the band spectra of molecules in 
this chapter. 


^Dispersion of White Light and Visible Spectrum, 


The simplest apparatus for producing a spectrum of white light 
is shown in Fig. IT. When a beam of light from a source F, e. g., 
a tungsten filament lamp is selected by narrow slit S and allowed 
to fall on a prism P by a collimating lens Li, a band of seven colours 
can be focussed on screen T with the help of an object lens Lo. The 
phenomenon, in which white light is separated into various coloured 
components or wavelengths, is called dispersion. The coloured 
components range from red, through orange, yellow, green, blue and 
indigo to violet. These colours diffuse gradually into each other. 
The band of colours is known as specimm. Spectra is the plural 
of spectrum. 


The Optical Spectroscope. 

The complete optical system (as shown in Fig. V\.) for produ- 
cing and viewing the spectrum is known as optical spectroscope. 
A simple spectroscope consists of the following parts : 
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1. Source F. Generally non-voiatiic incandescent solids radi- 
ate white light, hence a tungsten filament lamp is often used. Sun- 
light is also essentially white. 

2. S/if S. It limits the width of entering beam. By the help of 
it the final images of various wavelengths can be made narrow. 
Hence slit should be straight and possess parallel and sharp edges. 
It should be kept clean because dust particles arc reproduced in 
the images. 

3. Collimating lens Lj. It bends the rays of light and makes 
them parallel before they enter the prism. 



rig I'l. llic Optical Spectroscope. 

4. Prism P or Grating. The essential part of the spectroscope 
is the prism or diffraction grating, which is used as a dispersing 
medium. As the prism dispcr.scs the light, various components of 
different wavelengths arc sent off in different directions. 

5: Object lens Ln. The object lens brings the parallel rays of 
\.ch componcht to focus and forms a sharp image of the slit in each 
component. 

6. Detector T. The images of the slit in various coloured 
components can be viewed on the screen. Some spectroscopes use 
the magnifying eye-piece to sec the images. In such cases, the object 
len.s and the eye-piece form a sm.ill telescope. 

There arc various types of spectroscopes. If a device is atta- 
ched to a spectroscope to measure the waveleng/i of light then, the 
instrument is called spectrometer. If the instrument makes 'pho- 
tographic record of the spectrum, then it is called a spectrograph. 
A spectrophotometer is an instrument which makes use of photo- 
electric cell to provide a quantitative measure of light intensity at 
each wavelength. 


What is Spectroscopy ? 

In this simple case of dispersion of wnite licht, spectroscopv is 
the production and study of the spectrum of white licht Actu illv 
there arc many forms of light or electromagnetic radiations such as 
X-rays, y-rays, ultra-violet rays, infrared rays, cosmic rays, radio-waves 
apart Irom visible light. Spectroscopy c.Ktcnds to cover all these 
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radiitions. Moreover, spectrum can be produced either by emission 
or absorption of radiations by matter. Hence we may define spec- 
troscopy as the study of the absorption and emission of all forms 
of electromagnetic radiations by metter. 

»*' 

^Nature of Electromagnetic Radiations. 

If we remain near a fireplace, some sensation is felt on our 
skin and face even if we do not touch the flame. The same sensation 
is felt, if we stand in the noonday sun. It means that something is 
sent from the fireplace or the sun to our skin. We see television 
and listen to radio. Something is sent from the transmitting station 
which is converted into light and sound by our receiver. All these 
phenomena are the examples of the process called radiations by 
which the energy travels through space unaccompanied by transfer 
of matter. Generally the energy travels from the source in all direc- 
tions like the radii of a circle, hence the name radiation is given. 
Visible light is the familiar kind of radiation. 

In 1690, Huygens put forward the wave theory of light, acco- 
rding to which light travels in the form of waves. All waves like 
sound waves, water waves, ande arthquake waves have the property of 
reflection, diffraction, and interference. Light waves were also shown 
to have all these properties. Before discussing the nature of light 
waves, it is proper to understand the various terms associated with 
a wave. 

. y Wavelength. The distance travelled by a wave during a com- 
plete cycel is called its wavelength. In Fig. 1'2 the wavelength 
is shown by A {lambda). It is expressed in Angstroms (A) or 
microns {g) or millimicrons {nm-). These units are defined as below : 

1 micron (/*)=10“^ cm. 

1 millimicron = cm. 

o 1 

1 Angstrom (A) =j^m/^ = 10“8cm. 

Frequency. The number of wavelength passing through any 
point (say P in Fig. T2), per second is known as frequency of the 
wave. It is denoted by v (nu) and expressed in number of cycles per 
sec. V can be taken as a measure of energy according to the relation, 
E—hv, where h =6-624 x 10"27 erg sec. 

Velocity. The distance travelled by a wave in unit time is 
called its velocity. If c is the velocity of a wave, then 

c = vA 


It is expressed in cm per sec. 


n-n 
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/Wavenumber. The number of wavelengths in one centimeter 
is known as wave number or kayscr. Jl is denoted by »» and is 
given by 


1 

V _ ^ 

Putting the value of 1/A from Eq. (I'l)) wc get 

V 




It is expressed in cm~t. v can be taken as a measure of energy 
according to tlic relation E—hv~hvc. 


In 1864 Maxwell published a scries of papers regarding the 
nature of light. He showed theoretically that light is a movement 
of electric and magnetic waves at right angles to each other and also 



Pip 1-2. Nature of Klcctrom.-ignctic Racll.ations. 

to the direction of propagation of light as shown in Figl'2-lfthc 
light is travelling in thee direction, then electric and magnetic waves 
will be in thc(z-A:) and (y— z) planes respectively. Maxwell 
suggested that a vibrating electric charge could set up such waves, 
These waves travel with the speed of light. Thus, a wire carrying a 
high frequency current would send .such variations in electric and 
magnetic folds in the form of waves. Hence they arc called electro- 
magnetic waves. 

Visible light is one of the examples of electromagnetic waves. 
X*rays, ultraviolet rays, infrared rays, cosmic rays, and radiowaves 
arc other examples of electromagnetic radiations. All these radia- 
tions arc transmitted at the same speed, i. c., 2'99792X cm/sec 
but they differ in frequency and hence in wavelength also. An or- 
dered arrangement of radiations according to wavelength is known 
as electromagnetic spectrum. The various regions of clcctromag* 
nclic spectrum arc shown in Table M, 
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The Regions of Electromagnetic Spectrum 
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S.N. 
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o 
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1 
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2 
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inner shells 

stal study 

4 

Ultra- 
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Electronic 

Luminis- 


violet rays 


XlO” i 


energy tra- 

cent lamps, 






nsitions in 

molecular 
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structure 




; 1 


1 

study 




! 



Colorime- 

5 

Visible 
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5 — 1.5 

»> 

try, human 


light 
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sight 

6 

Infrared 

8x10' 

3.8x10” 

' 1.5—10-= 

Vibrational 

Physical 


rays * 

—2x10' 

-10” 


and rota- 

therapy, 
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Molecular 






energy tra- 

structure 
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study 

7 

Microwaves 
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I0’=— 10’ 
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Radar, 
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range 
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Long range 
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Television 
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9 

A.C. Power 
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<10' 



casting 


line waves 







The intensity of radiation is proportit 
photons per second that are propagated in th 
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matlc radiation consists of radiation of only one discrete wave- 
length, while a polychromatic radiation consists of radiations of 
several wavelengths. 


Emission and Absorption Spectra. 

Spectra are mainly divided into two types ; 1. Emission spectra, 
and 2. Absorption spectra. These two types are further subdivided as 
under : 


Spectra 


Emission Absorption 

spectra spectra 


Continuous Discontinuous 

spectra spectra 


Continuous 

spectra 


Discontinuous 

spectra 


Line Band 

spectra spectra 


Line Band 
spectra spectra 


Emission spectra. When the radiations emitted by a luminous 
. source of light are examined directly by a spectroscope, then the 
' spectra produced are known as emission spectra. Visible spectrum 
■'bbtained from a filament lamp or rays of the sun is a common exam- 
pie of emission spectrum. 

Absorption spectra When the light from a source is passed 
through an absorbing medium and the resulting radiations are exa- 
mined by a spectroscope, then the spectra produced are known as 
absorption spectra. Dark lines or bands are obtained on bright 
background in these spectra, because certain radiations are absorbed 
by the absorbing medium under investigation. 

Both the emission and absorption spectra are subdivided into 
. two classes on the basis of their appearance ; 

(/) Continuous spectra {//) Discontinuous spectra. 

Continuous spectra. In the visible spectrum we see that 
colours diffuse into each other gradually. Thus, the change in colour 
appears to be continuous and such spectra are called continuous 
emission spectra. Such spectra arc obtained from incandescent, 
solids, hot furnaces, hot iron, molten glass, etc. If a piecc'of pure red’ 
glass is put in the path of visible light, then red glass absorbs every 
radiation except the red one and the spectrum obtained in this way is 
called a continuous absorption spectrum of red glass. 

Discontinuous Spectra. These spectra are not continuous in 
their appearance. They arc further classified into 

(fl) Line spectra. {b) Band spectra. 



SPECTROSCOPY 


7 


Line spectra. Line spectra consist of lines of definite Jtwrc- 
lengths and are given by gases and vapours of atoms. Hence they 
are also called atomic spectra. Line spectra of particular atoms, 
e.g., Na-vapour, appear as bright lines on dark background in the 
emission spectra and as dark lines of the same wavelengths on the 
bright background in the absorption spectra. These lines can be 
grouped into various series. The sources of line spectra are vapours 
in flame and metallic arc. 

Band spectra. Band spectra appear as a group of bands which 
are sharply defined at one end and shaded off at the other end. On 
closer examination with high resolving power instruments, it is seen 
that the bands actually consist of a large number of closely packed 
lines. When a substance giving a band spectrum of emission type is 
heated to such a high temperature at which its molecules break into 
atoms, then band spectrum disappears. This establishes that band 
spectra are produced by molecules, hence they are also called mole- 
cular spectra. They appear both in emission and absorption 
spectra. The sources of band spectra are carbon arc cored with 
metallic chlorides, bromides or fluorides and vacuum tube containing 
gases like CO 2 , N 2 etc. 
y Basic Principles of Spectrometer. 

We have already studied the optical spectroscope. Apart from 
this, there are various types of instruments for the production, obser- 
vation and recording of spectra. These instruments have received 
different names like spectrometer, photometer, spectrograph and 
spectrophotometer due to the various modifications already mention- 
ed. However, the basic principle underlying these instruments can 
be understood with the help of spectrometer used for the study of 
absorption spectra. A flow-sheet representation of absorption spec- 
trometer is shown in Fig. T3. 


AmpCfler 



Oevic* 

I'ig. 1'3. Basic Arrangement of Instrumental Units in an 
Absorption Spectrometer. 

Its main instrumental units are as follows : 

1. Source. The function of source is to provide incident light 
of sufficient intensity and required region of wavelength. For visible. 
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near infrared and near ultraviolet regions, a glass enclosed tungsten 
filament is commonly used. Hydrogen (or deuterium) discharge lamp 
is adequate for work in ultraviolet region. Electrically heated rod 
of rare earth oxides at the temperature range 1500— 2000°C is gene- 
rally used for the work in infrared region. The beam from the source 
is focussed on the sample by means of lenses and mirrors. 

2. Sample Cell. The sample ceil is used to hold the compound 
under investigation. Cell is made of such a material which does not 
absorb the radiations of the source. The cell material is glass for 
visible light, quartz for ultraviolet, and alkali halides for infrared 
radiations. The sample in the cell absorbs characteristic wavelengths 
and passes them to the analyser, 

3. Analyser, It consists of either a rotating prism or grating. 
The material of which a prism is made is the same as that used for 
sample cells in various regions of electromagnetic spectrum. The 
various wavelengths are separated by the prism. The differing wave- 
lengths fall on the detector due to the rotating prism. The process 
is termed as scanning. It is synchronized with the recorder. 

4. Detector. The detector converts radiant energy into elec- 
trical energy. Detectors are classified into two categories ; 

{^i) Thermal detectors utilize the heating effect of current and 
are used for middle and infrared regions. Thermocouples, thermo- 
piles, bolometer, etc., are examples of this type. 

(ii) Photo detectors utilize the photoelectric effect and are used 
in visible, ultraviolet and near infrared regions. Photomultiplier is 
generally used"ln such work. It is extremely sensitive and fast in 
response. The beam from the analyser is focussed at the entrance 
slit X of the photomultiplier. When the beam falls on the light sensi- 
tive surface Y of the photomultipljer, electrons are emitted causing 
the formation of a small current. '^This current varies according to 
the intensity of the beam entering at X, 

5. Recorder, The current is amplified by the amplifier and 
causes the pen recorder to move on a chart paper. The graph on the 
chart paper showing the percentage absorption at various frequencies 
or wavelengths is thus obtained and is known as absorption spect- 
rum o/ the sample. 

The basic principle for the instrumentation of emission spectra 
is similar to that of absorption spectra. The only difference is that 
the ■ : ; * ■ . ■ ■ ,:c. It is excited with thermal or clect ri- 

cal : ; ■■ ■; .■ .■ . . The emitted radiations are thcTana- 

lyscd in the same way as described for absorption spectra. Photo- 
graphic plate is generally used instead of detector and recorder.” 

BAND OR MOLECULAR SPECTRA 

Just as line spectra have given valuable informations about the 
structure of atoms, in the same way band spectra have been found 
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much useful in the determination of molecular structure. We know 
that line spectra are simple and p ro duced due to the tran sitions iri 
the ele"ct ronIcener^ in atdm l! Band spectra afe~not so sim’ple^lTke 
liffe^s^tra. Actual!^ its complex structure CQ nsist S-oi-a_g reate r 
number of closely packed lines which appear as_b aMs. This suggests 
thatrh^ must be not only transitions in electronic energy in mole- 
cules, but transitions in other forms of energy should also occur 
producing the complex structure of band spectra. 

Origin of Band Spectra : 

Electronic, Vibrational, and Rotational Transitions : 

In order to account for the complex structure of band spectra, 
it has been postulated that when the radiations are emitted or absor- 
bed by the molecules, then the transitions in its three forms of inter- 
nal energy occur. These three forms of internal energy are : 

1. Electronic Energy. It is due to the energy of electrons in 
a molecule, which exists in a number of energy levels as in case of 
atoms. 

2. Vibrational Energy. It is due to the vibrations of atoms 
with respect to each other in a molecule as shown in Fig. I -4 {a), 

3. Rotational Energy, It is due to the rotation of molecule 
as a whole as shown in Fig. 1*4 (b). 

We know that electronic energy in atoms is quantized. In the 
same way, the electronic, vibrational, and rotational energies of a 
molecule are also quantized. Thus, there are a number of energy 




(o ) 



Fig. 1'4 (a) Vibr.ition, and (b) Rotation, of a Diatomic Jfo/cridc 

levels with respect to each of the electronic, vibrationa/. j.. 
nal energies in which the molecule can exist as 
The group of levels designated by principal quantum 
the electronic energy level of the molecule. Eachoft‘‘'' ■ ; 
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energy level is subdivided into vibrational energy levels designated 
by vibrational quantum number v and each of these vibrational 
energy level is further subdivided into rotational energy levels 
designated by rotational quantum number J 

It is dear from Fig. 1*5 that the energy required for transi- 
tions in rotational energy levels of the molecule is least and it is incr- 


easingly greater for vibra- 
tional and electronic 
transition. If the mol- 
ecule is excited with 
an energy as low as 0‘005 
cv, then only the tran- 
sitions from one rota- 
tional level to another 
in the same vibrational 
level of the molecule 
will take place. There 
will be no vibrational 
or electronic transitions, 
because more energy is 
required for them. These 
pure rotational transi- 
tions will produce rota- 
) tionai spectra. Since 
' the energies of the quanta 
involved in these transi- 
tions arc very small, the 
rotational spectra arc 
found in the high wave- 
length regions, i.e., far 
infrared or microwave 
region. 


If the molecule is 
excited with an energy 
of the order of 10"i ev, 
then this energy is suf- 
ficient to cause the 
molecule to undergo 
transitions in vibratio- 
nal levels within the 
same electronic level. 
As the transitions in 
vibrational levels arc 
accompanied by rotatio- 
nal transitions, the spec- 



. Pur« RotetfOrtM 
Trantitlen 


Elretroft*< 


Tr8n»)l^o^ V 


accompanied by rotatio- Subdivision ofElccronit energy 

nal transitions, the spec 

tra produced are called vibrational rotational spectra. It con- 
sists ot lines due to vibrational transitions accompanied by the fine 
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structure due to rotational transitions. Vibrational rotational spec- 
tra are seen in near infrared region. 

If the molecule is excited with still higher energy, i. e., from 5. 
to 10 ev, then this energy is sufficient to bring about elctronic tran- 
sitions. These electronic transitions are accompanied by vibrational 
transitions, which in turn are accompanied by rotational transitions. 
This results into the production of electronic spectra consisting of 
line due to electronic, vibrational, and rotational transitions. Each 
electronic transition produces an electronic band. A number of 
such electronic transitions will produce a band system composed 
of various electronic bands. The series of such band systems is 
band spectra. It appears in visible and ultraviolet regions. 

Glassification of Band Spectra. 

Band spectra are classified either according to the molecular 
energies involved in the production of spectra or according to the 
region of electromagnetic spectrum in which they are seen. Fortun- 
ately, the types of band spectra obtained on the basis of these two 
criteria are similar as given below : 

1. Rotational Spectra Rotational spectra are produced due 
to the transitions in the rotational energy -of the molecule only. As 
they are seen in the microwave region of the electromagnetic 
spectrum, their study is termed as microwave spectroscopy. 

2. Vibrational Rotational spectra. Vibrational rotational 
spectra are produced due to the simultaneous transitions in the 
vibrational and rotational energies of the molecule. As they are seen 
in the infrared region of the electromagnetic spectrum, their study is 
termed as infrared spectroscopy, 

3. Electronic Spectra. Electronic spectra are produced by 
the simultaneous transitions in the electronic, vibrational and rotatio- 
nal energies of the molecule. As they are seen in the ultraviolet and 
visible region of the electromagnetic spectrum, their study is termed 
as ultraviolet and visible spectroscopy. 

These different types of spectra differ in instrumentation also. 

V "ULTRAVIOLET AND VISIBLE SPECTROSCOPY 

Ultraviolet and visible spectroscopy is the study of electronic 
spectra which are found in the wavelength region 100 — 8000 A of the 
electromagnetic spectrum. It has been found that the transitions in 
the energy levels of outer shell electrons are responsible for the pro- 
duction of spectra in this region. 

Instrumentation. 

The general outline of the apparatus used has already been given 
in Fig. 1-3 The most suitable source of light is the hydrogen discha- 
rge lamp for ultraviolet region and tungsten filament lamp for visible 
region. The light from the source is dispersed into various wavele- 
ngths by prism or grating. The prism material is quartz for ultraviolet 
and glass for visible region. The U. V. spectra of compounds are 


12 


PHYSICAL CHEMISTRY 


generally determined either in vapor phase or in solution. The com- 
pound under investigation should be dissolved in that solvent which 
docs not absorb in that region. Ethyl alcohol (95'’/„) is commonly used 
for this purpose. The dilute solution of the compound is placed in 
sample cell made of quartz for ultraviolet region and glass for visible 
region. Visible and ultraviolet spectra are generally recorded as 
absorption spectra. 

In order to get useful information from these absorption 
spectra it is essential to have a clear understanding of the funda- 
mental laws of light absorption and various terms used therein. 
Fandamental Laws of Light Absorption 

^ I: Lambert’s Law. This law gives a relationship between 
the Extent of light absorption and the thickness of the absorbing 
material^ According to this lavv, wJten a parallel beam of monochr- 
omatic light enters per pend i ail arly into a homogeneous absorbing, 
material^ the rate of decrease in the intensity of light with the 
length of the light path through the absorbing medium is propor- 
tional to the intensity of the incident beam. Mathematically, 


lor 



...(1-4) 


where / is the intensity of beam, dl is the infinitesimal change in 
intensity when the light has travelled the infinitesimal length db 
through the absorbing material and k is the proportionality constant, 
known as absorption coefficient. The negative sign on left hand side 
indicates that / decreases as b increases. Eq._{l'4) can be Nt'ritten as 


Eq. (1’5) can be 
I—Iq at h=0, and /=/ at b—b. 
Thus, 

h 

or In 

or 2‘303 logjQ-y =kb 

or logio-^=A"6 ...(1-6) 

where is the intensity of inci- 


...{1-5) 

boundary condition that 



Absorbing medium 

Fig. 1’6. Light Absorption 


— ^—-kdb- 
integrated with the 
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dent beam, when b is zero, and / is the intensity when the beam has 
travelled the thickness b of absorbing material and K = kj2-3^3 is 


called extinction coefficient. The term 


logic -f is 


known as 


extinction or absorbance or optical density and is denoted by A. 
Thus, 


A=\ogio 


...(1-7)- 


Alternatively, Lambert’s law can be stated as : 

fVben a parallel beam of monochromatic light enters perpen- 
dicularly into homogeneous absorbing medium, the absorbance is 
directly proportional to the length of the path traversed by the 
beam. 

Beer’s Law. If the absorbing material is in the form of 
a dilute solution, the relitionship between the intensities of incident 
and transmitted light is given by Beer’s law. According to this law, 
When a parallel beam of monochromaiic light enters perpendi- 
cularly into a dilute solution, the absorbance is directly propor- 
tional to the concentration of solution. Mathematically, 

A^\ogJ-^^K'c ...( 1 - 8 ) 


where K' is a constant and c is the concentration of solution. 

3. Beer-Lambert Law. It is the combined from of Beer's 
law and Lambert’s law. According to it, when a parallel beam of 
monochromatic light enters perpendicular! yjnto a dilute solution, 
the abjorbance -is-directLy^pr^ortional tojlie number of solute 
molecules injhe..path travelled. If the absorbing material is in the 
form of solution, then the number of its molecules in the path of 
light is proportional to the molar concentration c of the material as 
well as the length of path (cm). Thus the mathematical form of 
Beer-Lambert law is 

A = log^=^cb ...lI-9) 


where e is a constant called molar extinction coefficient or 
molar absorptivity. If c=l and 6=1 in Eq. {1‘8). then 

Extinction A = ‘ 


J'hus, molar extinction coefficient can be defined as ihe cMinciioa 
due to 1 cm thick layer^fsolulion whose molar concentration 
unity. It is chafact^istic of a compound provided the \\.i\ elcni’th 
light and temperature arc kept constant. 


Transmittance. If T is the transmittance of a s 
it is defined as i 
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r=]0g-^ ...(I'lO) 

FromEqs. (l-9)and (1-10) weget, 

r=— ec6 ...(1-11) 

It is clear from the Eq. (I'll) that greater is the value of extinction 
lesser is transmittance. 

Example 1.1. The molar extinction coefficient of a subs- 
tance is 14000 at its \max. With a cell of 1 cm thickness, what is 
the molarity of the siibstaace if spectrophotometer gives the absor^ 
bance reading as 0'85. 

Solution. Wc know that 


A=(cb 



ib 

Here /4=0-85, 6=14000, and cm 

0-^5 

" 14000x1 

=6-07x10~5M 

Absorption Spectrum and Xmax. Characteristic Properties 
/of a compound. 

The quantity absorbance or transmittance for a compound is 
directly measured by spectrophotometers at various wavelengths. If 
a solution of known concentration is put in a cell of known thick- 
ness, then the values of molar extinction coefficient e for the given 
compound at vaious wavelengths are obtained from the values of 
absorbance or transmittance. The curve showing the variation 
of A or t with wavelength for a given concentration of solution 
and thickness of the cell is known as absorption spectrum of 
the compound. Just as two compounds may have the same value of 
melting point or boiling point, but rarely do they have the same 
values of both melting and boiling points, in the same way, no two 
compounds can have the same set of e values at various wavelen- 
gths, I. e., they cannot have the same absorption spectrum. Thus, 
absorption spectrum is the characteristic property of the compound. 
The wavelength corresponding to maximum absorption can be 
known from the absorption spectrum and is termed as Xmax, which 
is likewise the characteristic property of a compound. 

Deviations from Beer-Lambert’s Law. 

Since molar extinction coefficient is constant for a solute, it is 
clear from Eq. (1*9) of Beer-Lambert’s law that the extinction A of 
its solution should remain the same, provided the product cb is kept 
contant. Thus, the extinction of a I cm thick layer of Af solution 
should be the same as that of 5 cm thick layer of Af/5 solution. This 
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is not found in practice always, because c varies with concentration 
of the solution in many cases. These deviations may be caused b}' 
any of the following factors ; 

( / ) Ionization of solute. 

( //) Association of solute. 

(Hi) Fluorescence of solute. 

(/v) Poor transmission of solvent. 

Hence we should not take the validity of Beer-Lambert’s law 
as granted in spectrophotoraetric work. It is a usual practice to 
confirm it over the entire range of concentration to be used before 
proceeding to spectrophotometry. While confirming the Bcer- 
Lambert’s law the following limitations of the law must be kept in 
mind : 

(fit) A parallel beam of monochromatic radiations should be 

used. 

(b) Temperature should remain constant. 

(c) The solution to be used should be dilute. 

(d) The solute should not exist in chemical equilibrium with 
the solvent. 

.Chromophores 

It has been recognised since long that the colour of a molecule 
is due to one or more unsaturated groups present in it. These groups 
are called chromophores. They exhibit characteristic absorption in 
ultraviolet and "visible regions. Thus, a Chromophore may be 
defined as an isolated functional group_ not in conjugation with 
any other group which. imparts colour to a compound absorbing 
characteristic wavelength in ultraviolet and- visible regions. Typical 
examples of.'chromophores-^are C=C, C=N, 'C='0, N=N, G=Si 
and N=0 in the order of increasing power of imparling colour. 
If a number of compounds have the same functional group without 
any complicating environmental factors, then all of them will absorb 
at nearly the same wavelength. Their molar extinction coefficients 
will also be nearly the same. Thus, it is clear that the functional 
group in an unknown compound can be found, if its absorption 
spectrum is correlated with the data for known compounds. 

^tixocliromes . 

Those groups which do not impart colour to a compound by 
themselves, but increase the colouring power of a chromophore when 
attached to them are called auxochromes. These groups show 

O 

characteristic absorption below 2000 A by themselves. When the\- ;u-e 
attached to a chromophore, they usually cause a shift in the absor- 
ption towards longer wavelength. Auxochromes also increase the in- 
tensity of absorption. For example, the characteristic absorption of 

O 

tremsp-ethoxyazobenzene is shifted 650 A towards longer ^^aveIeag::: 
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and is about doubly intense as compared to the corresponding 
absorption of trans-azobenzene. Typical examples of auxochromes 
are OH, NH2, NR2, OR, CH3 and Br. All auxochromes contain non- 
bonding electrons. The action of an auxochrome is due to the 
electronic transitions involving these non-bonding electrons. It will 
be discussed in detail in the next section. 

■ Origin of Electronic Absorption Bands ; 

K-Band, B-Band, and R-Band 

The origin of bands in the electronic spectra (ultraviolet and 
visible spectra) is due to the transitions in the electronic energy of 
the valence electrons. These valence electrons exist in atomic orbitals 
in atoms. When a molecule is formed, then valence electrons taking 
part in bond formation exist in bonding orbitals. Electrons which 
form Q-bonds are called cr electrons and those which form «-bonds 
are called ^-electrons. Some unshared electrons in a molecule do 
not take part in any bond formation and exist in non-bonding 
orbitals. Such electrons are called ?»-electrons. Apart from these, 
there ar ■ higher energy levels termed as anti-bonding orbitals by 
molecular orbital theory. The anti-bonding orbitals associated with 
0- and 77-bonds are called (sigma star) and n* (pi star) orbitals. 
As /i-electrons do not take part in bonding orbitals, no anti-bonding 
orbital is associated with them. Anti-bonding orbitals are vacant in 
the ground state of the molecule, but they are filled in excited states. 

Energy level Symbol Orbital 


* 



O' — ► 0“ n <r 


> 


I I n o— MT 

T ^ 

I * » » 

• * I ' 

f ; t ] 

^ 1 ; L_ „ 


;} 


Antibonding . 


Nonbonding 


Bonding 


Fig. 1-7. Schematic Arrangement of Electronic 
Energy Levels and Possible Transitions. 

A schematic arrangement showing the energy levels of all these 
orbitals is shown in Fig. 1*7. When a molecule absorbs in ultra- 
violet and visible regions, then the transitions that occur in electronic 
energy levels are {/) -XT* (/,) n_>(r* {///) 7 ,^ 77 * and (/v) n->7r* 
as shown in Fig. T 7 . 
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(?) Transitions. These transitions require hich energy 

as shown in Fig. 1‘7. Hence the molecules underaoing these transi- 
tions generally absorb in the far ultraviolet region. Compounds in 
which all the valence electrons form bonds absorb in this recion 
e. g., CH 4 absorbs at 125 nut-. ^ '' ’ 

(fi) Transitions. Those saturated compounds which 

contain singly bonded groups with atoms having non-bonding elec- 
trons undergo transitions. The atoms containing non-bonding 

electrons are generally O, N, S, and halogens. As transitions 

require lesser energy than (j~ transitions (Fig. 1*7), the absorp- 
tion takes place at comparatively higher wavelengths in ultraviolet 
region. For example, such transitions occur in trimethyl amine, 
methyl iodide and methyl alcohol and the corresponding Amax values 
are 227 258 m/i, and 183 im respectively, 

(///) Transitions. As is clear from Fig. 1*7, 

transitions are of intermediate energies, i.e., the energy required for 
these transitions is lesser than required in transitions, but 

more than required in transitions. Thus, the compounds under- 
going these transitions generally absorb in ultraviolet or visible 
regions. In compounds containing unconjugated double bond, the 
7!-^77* transitions cause- absorption in ultra-violet regions. For 
example, transitions cause absorption at, Amaj:=lB 0 /n/x, in 



Fig. 1'8, TT— Transition in Ethylene, 

ethylene as shown in Fig. I'S. Further, transition in organic 

compounds may produce the following two types of bands. 

(a) K-Band. It is produced by organic compounds containing 
conjugated system of double bonds, e.g., butadiene. The term K- 
band is derived from the German word konjugierte. This band is 
known as K-Band in British school and primary band in American 
school. Conjugation causes shifting of the band towards longer wave- 
lengths and increases its intensity. Moreover, extension of conjuga- 
tion causes regular shifts to longer wavelength side and higher molar 
absorptivities as shown in Table F2. 




CH2==chch=ch, 

^'ve„ beJo.;?”" 

a-O ''" 

r/&) b-r„_ , W/ Ci+=./=^ - 
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A compound may show both K-band and B-band, 
and monosubstituted benzenes like QHsI, CcHoOll, CoHi.Cll;, oto. 
show both K- and B-bands as shown in Tabic r4, 

Table 1-4 

Compounds showing both K-band and B-bnnd 


Compound 

1 

K-Band 

B-Bmsd 

/•max 

(mil) 

1 

^max 

hnax 

(mil) 


CeHe 

203-5 

7-100 

254 ; 


CeHgl 

207 

7000 

257 1 


C6H5OH 

210-5 

1 

6200 1 

270 


C6H5CH3 

20G-5 

7000 

261 


C5H5CN 

224 

13000 

271 


CsHgNHa 

230 

8600 

2S:' 



(/v) Transitions : R-Band. In a no.’rcz'? ~rz“ 

with n-e!ectrons has an unsaturated linkage ^^itr• arriisr ^ 
n-^~* transitions take place. These transitions rec'jre 
(Fig. 1*7), hence the bands are observed tov::rds 
i.e., in near ultraviolet or visible regions -insse- 

bands are called R-bands. Many ckrc-rrin^ Jii T— t. 

N=N — , C=S exhibit transitions. e.Z- nisnrrjenrr n~-sr- 
bmane absorbing zt 277my- and 665 / 7 :- F- 

bands. These bands are characterised b'- Ir" ? ~~ -r 

th. n ICO. When additional bands hTe’ 3:- -rr 5 ^ rrrsi' r ^ 

compound, R-band is shifted to loncer 

Effect of Substituents and Solrerrs 


The effect of substituents ar 
been extensively studied. The -.~ 



O 




'1 Baihochromic Shift. 
CH 3 , NH 2 etc., is subf 


v. ’ ‘ 

..gon-b^ id'is shifted to longs- “ 
~Ban^ towards longer 
effect are known as b 3 ci:-_ 
the \rnax tor C 0 H(; and Ctr: . 
Thus the substitution 
shift in the absorptier — 
causes bathochromic 



Hypsochxrr: 
^tyl group is sub-Ctz: 
is shifted to sho-rer t— 
to shorter warelcz — ’z 




fe" t, , 0®MISra 

~ rfe**— - Effcc, ,, '"“S 

efe - 

,f^ 

wo for B.ba„df n" “-"Plo. <„: !o"l%‘ff‘o, Is SS 

fasKS-s.- ?“S£VS5,,!.- - - 

elation between th^^ '‘f^Ponsible for contain ^ 

« Toi, . ^ incomplete 

r^ri^TT— 



7— — — -.1^" " 

Ww6rr / w 

f electrons J^."'»‘’er of „„. 
•'^d-orbital / ^°‘r^deieeiZl 
■ — ' d-orbital 
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It is clear from Table 1-5 that metal ions which contain vacant 
or completely filled <I-orbital are colourless, while those having 
partially filled ^/'Orbitals are coloured. ■ • - 

All the five d-orbitals in a free atom or ion of transitional 
element are of equal energy in the absence of an external electric or 
magnetic field and the electron can jump from one of these rf-orbitals 
to other without emission or absorption of energy. When these ions 
form complexes, the central metal ion is attached to negative ions 
such as Cl", Br~,CN" or neutral polar molecules such as H2O, NH3, 
etc., called ligands. The number of ligands which are attached to 
the central ion depends upon the coordination number of the ions. 
Ths number varies from 2 to 8 in different compounds of transi- 
tional elements. In the complexes the five ^/-orbitals of the ion 
are affected by the electric field of the ligands to different extent. 
This causes the splitting of ^f-orbitals into groups of different ener- 
gies. The electronic transition from one group to other now takes 
place with absorption of energy. The energy difference is of such a 
magnitude that absorption takes place in the visible region and the 
complexed ion appears to be coloured in solution. 

'Explanation of the Origin of Colour in Complex Ions. 
The origin of colour in transition metal complexes has been explain- 
ed by applying Crystal field theory. A fundamental postulate of 
this theory is that the bonding in transition metal complexes is elec- 
trostatic. Let us take the example of Ti3+ ion. The free ion contains 
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only one electron in ff-orbitals. The, five ^f-orbitals are shown in 
Fig(. 1.9, and the solitary electron spends its time equally in all the 
five </-orbitals. These orbitals fall into two groups : 

(/) dz^ and orbitals, have high electron probabilities 

along the x, y and z axes. 

(//) ifyj. and ^ 2 * orbitals have high electron ■ probabilities 
in the regions between the axes x, y and z. 

As the coordination number of Ti3+ is 6, in aqueous solution it 
combines with six water molecules (ligands) octahedrally disposed 

along the three axes x, y and z 
as shown in Fig. MO. It is 
clear from the figure that the 
central metal ion will exist in 
an electric field due to the 
presence of these ligands. This 
field is called ligand field. As 
the (/) group of orbitals, i. e., 
dx^-y^ and dz^ orbitals i.e., 
directed along the axes, they 
ivill be in close proximity to 
the ligands. Any electron in 
these orbitals will experience a 
strong repulsion and will there- 
fore be raised in energy. On 
the other hand, the (//) group 
of orbitals,/, e., d^y_ dy, and 
dzx orbitals will not be in so 
much proximity to the ligands, 
as they are not directed to- 
wards the axes. Hence any 

electron in these orbitals will experience a relatively lesser electros- 
tatic repulsion and will therefore be raised in energy to a lesser extent. 
Thus, the d-orbitals are split up into two groups by the octahedrally 
disposed ligands as shown in Fig. Ml (6). The ( / ) group of 
dx^-y^ and dz"^ orbitals, which are raised to the higher energy level are 
called e, orbitals. The (//) group of r/y 2 and r /22 orbitals, 
which are raised comparatively at the low energy level, are called to, 
orbitals. As to^ orbitals are energetically favoured the solitary 
«-elcctron of Ti3+ now spends its time preferably in these orbitals as 
shown in Fig. 1*11 (&). It is only after the absorption of energy, 
A— hv, that the electron will be excited and raised to the higher 
energy level, /.e., orbital as shown in Fig. I'll (c). Such electro- 
nic transitions are known as d-d transitions. The frequency' v of 


Z 



O Metal ion • Ligands 

Fig. I'lO Octahedral Disposition 
of Ligands around Ti^'^. 
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Fig. Ml Schematic rcprc.sentation of Splitting of </ 
Orbitals of Free Metal Ion in an Octahedral Field. 


absorption, which is equal to is of such magnitude that Ti3^- 


absorbs in the visible 
region. The absorption 
spectrum of Ti(H 20 ) 6 ^''' 
is shown in Fig. 1T2., in 
which a broad band is 
seen in the neighbour- 
hood of 5000 A. This 
implies that the central 
portion of visible spect- 
rum is absorbed and 
therefore subtracted. 
Thus, the red and violet 
components remain un- 
absorbed imparting pur- 
ple colour to the comp- 



4000 5000 6000 


CA in A ) 


lex ion of titanium, i.e., The Absorption Spcctmm 

TllHgOlGS-*-. ofTi(H_,0)63+ 


Applications of Ultraviolet aod Visible Spectroscopy 

The literature is full of various applications of ultraviolet and 
visible spectroscopy in different fields of chemical interest. How- 
ever, a few important applications will be given here. ^ 
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(r ) Identification and Assignment of Structure. 

The absorption spectrum of an unknown compound is compar- 


ed with those of a number 
of known compounds. If ' the 
absor-ption-'’^specffum of the 
unkiKnvn'coinpound fallies 
with a particular k nawn 
compOTTfidr then th estru ctu- 
res oF~f]!F ^wb wlT^^^fsb be 
similar. Tl^abjsorptidiTspec- * 
tra of synthetic (unknown) 
and natural (known) vitamin 
Agare shown in Fig. 1T3.. 

The similarity between the 
two spectra proved helpful in 
the identification and assign- 
ment of structure of 
synthetic vitamin Ag. The 
technique in which the spec- 
trum of an unknown com- 
pound is tallied with those 
of known compounds^ is 
known as finger printing. 

(;i) Quantitative Analysis. Ultraviolet and visible spectro- / 
photometric methods have been used to determine the unknown con- 
centration of a compound in jolulion. The essential condition to 
develop such a method is that Beer's Jaw, A=(cbftim^st BeoBe^ in' 
the range of concentration “ 

to be used. The absorbance 
A is measured directly from 
spectrophotometer at vari- 
ous concentrations c of the 
solution. A graph is then 
plotted between A and c as 
shown in Fig. M4. Absor- 
ban. ee A' of the solution of 
unkno\yn concentration is 
then determined by spec- 
trophotometer and its con- 
centrati on c' is then dete r- 
mined fr'dra the grapHTFig. 

1T4). The extinction coe- 
fficient e can also be evalu- 
:ed from the slope of the 
;raph. 

ii) Control of Purifica- 
:ion. Ultraviolet and visi- 



Fig. 1-14 Graph between Concentration 
and Absorbance. 



Fig T13 Absorption Spectrum of Vitamin 
Ag in Ultraviolet Region, 
...Natural product, — Synthetic Product. 


)le spectrophotometry is used for the control of purification of a 
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compound. If a compouncLis4ransparent m ultraviolet and visible 
regions, thmi_jts.£mT^dqn is conjinued until it gives a minimum 
valu^^fiOhsorbance: On the ot her hand: if a compound absorb s in_ 
ultraviolet an d visible region s, then its purification is continued until 
its nTOlai’~exTinction"coefficient c attains a constant maximum^'alue. 


' ( 7 v)T 5 etermmation of^MolecnlarWeight: IH'iRnbFlhe , 

1 % 

molecular weight of the compound. First E ° , /.«?., the absorbance 

\cn7 

of l“/o solution of compound in a 1 cm thick cell, is determined. In 
this case, the molar concentration, c= 10/M mole per lit., cell thick- 

«% 

ness, b=l cm and absorbance, A=E . Putting these values in Beer's 

Icm 


law equation 


A = ^cb 


we get 


or 



10 

"M 



1cm 


...{ 1 ‘ 12 ) 


Molecular weight M of the compound can be evaluated from Eq. 

(1*12). 


(v) Study of Kinetics. If the Aw/oa: values of reactants and.' 
products of a chemical reaction are quite different, then the changer- 
in the concentrations of reactants or products can be followed spec- 
trophotometrically and kinetics of the reaction can be studied. Spec- 
trophotometric methods are particularly useful when the reactions 
are fast and the solutions are very dilute, e.g., photochemical trans- 
formation of ergosterol to vitamin D 2 is well suited for spectrophoto- 

metric method." — . . — - 

(v;) Other Physico-chemical Studies. Apart from these, 
ultraviolet and visible spectrophotometry has been very useful in 
other physico-chemical studies, such as determination of dissociation 
constants of acids and bases, heats of formation of molecular addi- 
tion compounds and complexes in solution, empirical formulae ot 
. complexes in solutions etc. 


^ -INFRARED SPECTROSCOPY 
IntrodnctioST 


The region from 0’8 P- to 200 p of the 'this 

rum is called infrared region and the study of 
region is referred to as infrared spectroscopy- _ ;|;.- 

nameshave been given by the spectroscopists 
various regions in connection with infrared spectre- '•/ 
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Region Wavelength range (m) 

1. Near infrared 0'8to2‘5 

2. Ordinary infrared 2*5 to 15 

3. Far infrared 15 to 200 

Thus, it is clear that near infrared region corresponds to shorter 
wavelength (higher frequency) as compared to far'infrared region. 
Hence absorption of radiations by molecules in the near infrared are 
accompanied with higher energy than those in the far infrared region. 
When a molecule absorbs in the far infrared region, only the transi- 
tions in the rotational energy take place, because these transitions 
require least energy. The spectra produced are, therefore, called 
pure rotational spectra. When a molecule absorbs in the near or 
ordinary infrared region, greater energy is available and the transi- 
tions in the vibrational as well as rotational energy take place. The 
spectra produced are, therefore, termed as vibrational rotational 
spectra. These spectra are particularly useful for the chemists for 
the study of molecular structure. 

Instrumentation. Infrared absorption spectra are generally 
obtained by placing the sample in one of the beam of double-beam 
spectrophotometer. The light source is Nernst glower. It is a mould- 
ed rod which contains a mixture of the oxides of rare earths heated 
to 1500°C. Prism or grating is used as monochromator. Cell con- 
tainers and prisms are made of metal halides, such as NaCI. Ther- 
mocouple or bolometer is used as detector. The basic arrangement 
of various instrumental units has already been shown in Fig. T3. 

The sample may be in the form of gas, solid, liquid or solution. 
It should be dry as water absorbs near 2-7/t. The solution is made 
in solvents like CCl^, CS 2 , and CHCls which have few absorption in 
infrared region. 

Basic Principles of Infrared Absorption. 

Modes of Vibrations. The vibrational motion of atoms in 
'a molecule can be visualized as a mechanical model consisting of a 
system of balls of different masses connected with springs of diffe- 
rent tensile strengths. The balls and the springs correspond to the 
various atoms and chemical bond in the molecule respectively and 
their arrangement is in accordance with the space geometry of the 
molecule. If such a model is suspended and a blow is struck to it, 
all the balls will undergo a random vibrational motion. The atoms 
of a poly-atomic molecule can be thought of undergoing such vibra- 
tional chaotic motion. The complexity of this vibrational ' motion 
increases with the number of atoms in the molecule. However, a 
simplification is achieved by realizing that this random vibrational 
motion of a molecule can be resolved into a small number of normal 
or fundamental vibrations or normal modes. A normal mode 
of a polyatomic mol eat] e can be defined as a vibrational state in 
which each atom undergoes a simple harmonic motion about its eqiti- 
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librium position, possesses the same frcquccy and moves ‘in phase'*. 
The centre of gravity of the molecule is preserved during these vibra- 
tions so that there is no translational motion of the molecule. The 
number of normal modes is equal to {3A^— 6) for non-linear and 
{3N—5) for linear molecules, where N is the number of atoms in a 
polyatomic molecule. The normal modes of vibrations in a molecule 
are of various types. Some of the important types arc categorised as 
follows : 

Normal 


Stretching Bending 


Symmetric Asymmetric Scissoring Waging Rocking Twisting 
Stretching or Valence bond Vibrations are those vibrations 
in which the vibrating atoms move alo nv the bond between them. 
Thus, the bond length v arTg?'gurmg~~these vibration s. ' Stretching 
vibrations for — CH^ — group are shown~]n Mg. I'fS.' Tlicsc vibrations 

are of two types : 

(a) Symmetric and [b) Asymmetric 
(fl) Symmetric Stretching are those vibrations in which the 
bonds stretch and compress simultaneousIy~as shown in Fig. 1T5 (a). 
The two li-atoms move towards and away irom the C-atom simul- 
taneously. ■■■ 

Asymmetric stretching arc those vibrations in which the 
atoms do not^move^ in unison, i .e., when one H-atom approaches the 
C-atom, the other H-atom moves away from the C-atom as shown in 



Fig. 1‘15. Stretching Vibrations for— CHj — grovip 
(fl) Symmetric {b) Asymmcrric 

Bcnding_prJDcformaUqn Vibrations. When a three atom 
system is a part_oX_aJbig _nip]ccule, then bending vibrations may 
occur. Those vibrations in which the atoms or the group as a whole 
oscillates perpendicular to the bond axis are called bending or 
deformation vibrations. Four important types of bending vibra- 
tions arc : 


*/« phase. If all nuclei pass through their mean positions and rc.icli ihcir 
turning point simultaneously during %’ibrations, then they arc said to be ‘in pli.!';^. 
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(a) Rocking vibrations are those in which the vibrating group 
swings back and forth in the plane of the molecule as shown in Fig. 
1*16(0). 

\J{h) Wagging vibrations are those in which the vibrating group 
swings back and forth out of the plane of molecule as shown in Fig. 

1-16 [b). 

^(c) Twisting vibrations are those in which the vibrating group 
rotdies about the chemical bond by which it is attached to the rest of 
the molecule as shown in Fig. I" 16 (c). 

\^y{d) Scissoring vibrations are those in which two atoms attach- 
ed to a central atom move away from and towards each other as 
shown in Fig. M6 (tf). 



Fig. 1T6 Bending Vibrations ot CHg group. + and— refer 
to Vibrations Perpendicular to the Page. 

B. Conditions for Absorption of Infrared Radiations. 
According to classical electrodynamics, there are two requirements 
which must be fulfilled in order that the molecule absorbs radiations : 

1. The vibrational frequency of the molecule must be the same 
as the frequency of radiation. As we have seen, an electromagnetic 
radiation has its electrical and magnetic components. The molecule 
also possesses an electric field. If the electric field of the molecule 
vibrates at the same frequency as that of the electromagnetic radia- 
tion, then energy is absorbed by the molecule from radiation. Follo- 
wing analogy of tuning fork experiment may be helpful to understand 
this process ; 

Experiment. Fix three tuning forks P, Q., and R a few centimeters apart 
on a table. Let the frequencies of P and Q. be the same, but that of R be different. 
Now strike P so th.-it it starts vibrating. It is seen that Q. also starts vibrating, 
but R remains motionless. This happens because the frequencies of vibrations of 
P and Q, arc equal, so Q, absorbs energy produced by P. R docs not absorb energy 
and remains motionless because its frequency is different. 
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2. There must be a change in the dipole moment of the m dc- 
cule as a result of vibration. This change in dipole moment may be 
m magnitude or direction or both. Dipde moment is determined by 
the positions of the centres of gravity of positive and negative 
charges. During a vibrational mode, the positions of the charges 
change. This may result in the change of dipole moment. If the 
values of dipole moments in the extreme positions of vibrations 
differ, a periodically changing electric field %vill occur around a mol e- 
cule. Now if the molecule vibrates at the same frequency aSnwfbf 
incorning radiation (in fulfilment of condition 1), then the frcqaency 
of this changing electric field will be the same as that of the incom- 
ing radiation. Consequently, absorption of radiation will take place. 


The analog^’ of tuning fork axperiment is again helpful. Just as the 
tuning fork Q, requires air as a carrier of cnerg>’ from P, in the same way. .r 
molecule must also possess something to couple with the energy from radiation. 
Dipole moment acts as a coupler. 


C, Position of Absorption Bands. The position of absorp- 
tion bands can be given by the classical theory of harmonic 
oscillators. Consider the simplest case of a vibrating diatomic mole- 
cule AB. The two atoms in the molecule can be thought of as point 
masses and nia connected by a spring representing the bond 
strength. If the two atoms A and B execute simple harmonic 
motions about an equilibrium point, then the frequency v (in wave 
number) can be given by 


V 


1 

2ne 



...(1-13) 


where k is the force constant, i. e., restoring force per unit displace- 
ment in dynes/cm, M is the reduced mass (in gm) given by 


/X 

niA + 

and c is the velocity of light in cm/scc. 


We know that v also represents the position of absorption. 
In order to evaluate it from Eq. (1.13), it is nescssary to obtain the 
value of force constant. For this purpose Gordy's empirical 
relation can be used as given below ; 

...(1-14) 

where N is the bond order*, Xa and Xb are the electronega- 
tivities of atoms A and B respectively on Pauling’s scale and d is the 
internuclfear distance in Angstroms, a and b arc constants whose 
values fire 1'67 and 0.30 respectively for stable molecules having 
normal covalencies. 


A'=aiV ^ 


♦Bond Order. The degree of multiplicity of a chemic.tl bond is gcncr.rlly 
described in terms of bond order. It is the effective number of covalent or tonic 
bonds betsveen two atoms. 



PHYSICAL CHEMISTRY 


■Absorption of Common Fnnctional G _P ^ particular bond • 
be taken as 5 X 10’- dynes cm i and 1 67- XlO « 

Solution. 

^ x/'fc 

We fao^v that V = 2ffC A' “jT 

Here e=3 x 10^0 cm see"!, k=S X 105 dynes crn'l, and 

(1= 1-672 Xl0"2tgm. 

_ 1 / 5x10° 

2x3- 1-1x3 X1010"~V ~i. 672 xl0"2i 
t= 1902 cm“I 

Example 1-3 Calculate the fundamental frequency in the 
infrared absorption spectrum for C—0 stretching vibrations 
[k:=SxI0- dynes cHri). 

SolatioQ. 


me nto 

We know that.lt „ = 

“ G-023X1033'’ 


16 

6-023 X 1033 


12x16 

(6-023x1023)2 

(12-1-16) 

6-023X1023 


12x16 
28 ^ 


6-023x1033 


Ag.iin «e know that 


- -JL /■ 

2-:TC V 


Cs=3 X lOlO cm sec I, i:=5 x 10a dynes cm"! 


_ ? / (5x105)(28)(6-023x1033) 

'■ ■==2x3-l-il6x3xl0l0y (12Kr6l 

0*1110 cm~t. 

From example 1*2, the fundamental frequency of vibration 
for C— H bond in methane comes to be 2902 cm~i. Hence the 
molecule must absorb the radiation of this frequency. Actually 
there is a strong band at 2915 cm-i in the infrared absorption 
spectrum of methane. In the same way, v for C=0 bond in acetone 
as calculated from Eq. {M3) is 1730 crn'i. Actually, acetone is 
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found to absorb strongly at 1744 cm"i in the infrared spectrum. 
These and similar other results prove the validity of treating the 
atoms in the molecule as harmonic oscillators. 

It is clear from Eq. (1.13) that fundamental frequency 7- 
depends upon. 

(/■) force constant of the bond, and 

(//) reduced mass. 

As different functional groups in organic compounds have the 
characteristic values of force constants and reduced masses, they will 
absorb at characteristic frequencies. Use of Eq. (1’13) for determin- 
ing the frequencies of normal vibrations for various possible combi- 
nations of atoms in a molecule shows that they fall in the region 
2*5— 50/J-, which is ordinary infrared region. Thus, the common 
functional groups of organic compounds absorb in the infrared 
region with characteristic frequencies. The characteristic frequencies 
of some simple and common functional groups arc given in 
Table T6. 

C=0 Vibrations in ketones, carboxylic acids, amides and 
etsers— Ketones, carboxylic acids, amides and esters show a strong 
C=0 stretching absorption band in the region 5‘35-6'50i‘ This 
band can be recognized easily due to its relatively constant position, 
high intensity and freedom from interfering bands . The absorption 
frequency of saturated aliphatic ketone is normally 5‘83/t. The C=0 
stretching bands of carboxylic acids are more intense than those 
of the ketonic C=0. The saturated aliphatic acids absorb, near 
S’CSai and 5'83f‘ in monomer and dimer forms respectively. The 
C = 0 absorption band of saturated aliphatic esters is in the region 
5'71-5'76 m, The absorption band of primary amides, except acet- 
amide, occurs at 5 90,“. Secondary amides absorb near 6T0,“ in the 
solid state. For tertiary amide the absorption occurs in the range 
5*95-6T3f*. 

O — H Vibration in alcohols, water and Phenols. The 
free O — H group of alcohols and phenols absorbs in the region 
2*74-2'79 m. With increase in the concentration interraolccular 
hydrogen bonding increases and additional bonds appear at 2’82- 
3‘13l“. Alcohols and phenols absorb in the region 13'0-I5‘4/i due to 

OH bending vibrations. Water absorbs in the region 2‘66-2'74.“ 

and near 6‘27 m due to — O— H stretching and bending vibrations. 

C H Vibration in alkanes, benzene and simple aromatic 

substituted compounds. Alkanes generally absorb in the region 
3 - 3 _ 3 ' 5 ft. The positions of C — H stretching vibrations are one of the 
most stable. 
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Ibsorption of Common Functional Groups. 

Ea. can be used to evaluate v for a particular bond ^ 

provided for that bond is known. For illustration, the following 
examples may be given. 

Example. 1-2. Calculate the fundamental frequency expected 
for C~H bond in methane. Force constant and reduced mass may 
be taken as 5x10'^ dynes cm~^ and i' 672 XiO" 2 -i gm. 

Solution. 


\Vc know that v 




c=3 X IQIO cm see t, k=3 X IQS dynes crn'l, and 
1-672 xl0"2tgm. 

— / 5x105 

’ “ 2x3-Hx3xlOlO V 1-672 
<= 1902 cra~k 


Example 1-3 Calculate the fundamental frequency in the 
infrared absorption spectrum for C—0 stretching vibrations 
{k=5xI0~^ dynes cm~t-). 


Solntioo. 

U’c know tlint,(i 


u Wc Wq 

6-023x1033'''"'’ “ 6-023 x 1023 

12X16 

(6-023x1023)2 

‘<ro'= ^fll+l6) = -^X 

6-023x1023 6-023x1023 


Again we know that 


27re 




Here CttSxlOlOcm scc~I, *<=3 x IQ5 dynes cm~l 

- -iTiTjkwFo y 


“j 1 1 10 cin“t. 


S!?rrfaTron?Sd af 

-■spectrum of methane. In the same way 17 ?bsorption 

as calculated from Eq. (1-13) u I'nn VL-t "a^ acetone 

4 *5) IS 1730 cm 1. Actually, acetone is 
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found lo absorb strongly at 1744 cm"i in the infrared spectrum. 
These and similar other results prove the validity of treating the 
atoms in the molecule as harmonic oscillators. 

It is clear from Eq. (1.13) that fundamental frequency ~v 
depends upon. 

(/) force constant of the bond, and 

(//) reduced mass. 

As different functional groups in organic compounds have the 
characteristic values of force constants and reduced masses, they will 
absorb at characteristic frequencies. Use of Eq. (M3) for determin- 
ing the frequencies of normal vibrations for various possible combi- 
nations of atoms in a molecule shows that they fall in the region 

2- 5—50/^, which is ordinary infrared region. Thus, the common 
functional groups of organic compounds absorb in the infrared 
region with characteristic frequencies. The characteristic frequencies 
of some simple and common functional groups arc given in 
Table 1-6. 

C=0 Vibrations in ketones, carboxylic ccids, amides and 
etsers— Ketones, carboxylic acids, amides and esters show a strong 
C=0 stretching absorption band in the region 5'35-6'50i‘ This 
band can be recognized easily due to its relatively constant position, 
high intensity and freedom from interfering bands . The absorption 
frequency of saturated aliphatic ketone is normally 5*83/t. The C=0 
stretching bands of carboxylic acids arc more intense than those 
of the ketonic C=0. The saturated aliphatic acids absorb, near 
5*68 ai and 5‘83ti in monomer and dimer forms respectively. Tlfc 
C = 0 absorption band of saturated aliphatic esters is in the region 
5’71-5'76 m. The absorption band of primary amides, except ^acet- 
amide, occurs at 5 90, «. Secondary amides absorb near 6T0,« in the 
solid state. For tertiary amide the absorption occurs in the range 
5-95-6T31*. 

O — H Vibration in alcohols, water and Phenols. The 
free O — H group of alcohols and phenols absorbs in the region 
2’74-2'79/‘. With increase in the concentration intcrmolccular 
hydrogen bonding increases and additional bonds appear at 2'82- 

3- 13m. Alcohols and phenols absorb in the region 13'0-15'4/i due to 

OH bending vibrations. Water absorbs in the region 2'66-2'74,“ 

and near 6'27p- due to — O— H stretching and bending vibrations, 

C H Vibration in alkanes, benzene and simple aromatic 

substituted compounds. Alkanes generally absorb in the region 
3-3-3-5/i. The positions of C— H stretching vibrations arc one of the 
most stable. 
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Table 1*6 

/Characteristic Infrared Absorption of Common 
\/ Functional Groups 


Group Vibrations with Parent 

Compound 

Wavelength 
range (p) 

i 

Frequency 
range (cm~') 

(i) C=0 Stretching 

Ketones saturated 

Ketones unsaturated 

Aryl ketones 

Saturated aliphatic carboxylic acids 

Arly carboxylic acids 

Primary amide (m dil. soln.) 

Secondary amide (in dil. soln.) 

Tertiary amide 

Saturated acyclic ester 
(ii) O— H Sutretching 

(fl) In alcohols and phenols 

Free O — H 

Intcrmolecularly hydrogen bonded 
(b) {Voter 

(Hi) O — Bending 

Primary alcohols 

Secondary alcohols 

Tertiary alcohols 

Phenols 

Water 

(/r) C— H Stretching 

Alkanes 

Alkcnes 

Aromatic 

(v) C— H Bending 

Alkane 

Alkcne (monosubstituted) 

Aromatic substituted* 

5 adjacent H-atoms 

*1 »» 9» 

3 ji .1 

2 11 11 

1 1, 

(vi) N — H Stretching 

Primary amine 

Secondary amine 

(v/j) N — Bending 

Primary amine 

Secondary amine 
(yiii)C — Stretching 

In ffalogen Compounds 

C— F 

C— Cl 

C— Br 

c-i 

5-80— 5-87 
5-94— 6-01 

5-88 — 5-95 
5-80— 5-88 
5-88—5-95 
>-"5-95t 
5-88—5-99 
5-99—6-14 

5- 71- 5-76 

2-74—2-79 

2-82—3-13 

2- 66- 2-74 

v^9-5 

w-'9-l 

un8-7 

iyi8'3 

v^6-27 

3- 38—3-51 
3-23—3-32 

1^3-30 

1^7-46 

10-05—10-15 

1^13-3 
and vy'14.3 

>^13-3 

v^l2-8 

1^12-0 

1^11-3 

>^2-86 & 2-94 
2-86—3-02 

6- 06—6-29 

6.06 — 6-45 

7-1-10-0 

12-5-16-6 

16-6—20-0 

1 i-«20 

1725—1705 

1685—1665 

1700—1680 

1725—1700 

1700—1680 

<yil690 

1700—1670 

1670—1630 

1750—1735 

3650—3590 

3550—3200 

3780—3650 

i-«1050 

1^1100 

1.^1150 

.-^1200 

.^1600 

2962—2853 

3095—3010 

w^3030 

vnl340 

995—985 

\."750 
and v^700 
v^750 

1^780 

>^830 

i^-iSSO 

3500 & 3400 
3500—3310 

1650-1590 

1650—1550 

1400-1000 

800—600 

600—500 

1^500 


“^^Substituted benzenes also show weak 
(2000— 1670cm-'). 


bands 


in the region 


5-0 — 6-0(1 


= approxi matcly . 
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Aromatic C — H stretching band appears between 3'23-3‘33/‘. 
rhe absorption of substituted benzenes are shown in table 1’6. The 
position of absorption is characteristic of the number of adjacent 
atoms in the ring. These bands are generally intense. The position 
of absorption shown in table arc generally reliable for alkyl subs- 
tituted benzenes. 

N — H Vibrations in amines. Primary amines show two 
weak bands near 2'S6^ and 2 94«. Secondary amines display a weak 
band in the region 2‘98-3‘02/^ Hydrogen bonding shifts these bands to 
higher wave-lengths. The N — H bending vibration of primary amines 
is seen in the region 6'06-6‘33At. The band shifts to the lower wave- 
lengths when the compound is associated. 

C — X stretching vibration in halogen compounds Ali- 
phatic C — Cl broad absorption band is seen in the region 1T76- 
18T8t«.. If many chlorine atoms are linked to one carbon atom, band 
becomes more intense and is found at lower wave-length end of the 
assigned range. Compounds containing fluorine strongly absorb 
in the range TTS-n'TOt* due to C — F stretching vibrations. Bromina. 
ted and iodo-compounds absorb in the regions 14'5-19‘4P and 
16‘6-20‘0 f respectively. 

Applications of Infrared Spectroscopy 

There arc many applications of infrared spectroscopy in various 
fields of chemical interest. However, a few important ones arc 
described here. 

1. Determination of Force Constant of a Bond, It is of 
special interest to a chemist to find out the force constant of a bond, 
because it is a measure of the strength of the bond as is clear from 
the Table 1'7. We know that the frequency of absorption »■ is 
related to force constant k by the relation 



2;7c V 


dr /c= 4 ff 2 c 2 -;: 2 ^ ...{MS) 

V is measured from infrared spectroscopy and k can be calculated 
for a bond. 

Example 1*4 T/te absorption band of HCl is centred at 
2890 cm~^ in infrared region. Calculate the force coslant for the 
H—Cl bond /)i=i-527x gmj. 

Solution \Vc know tiiat 
Ar=4-;;2c2 

c=3xl0^0 cm/scc’ y =2890 cnM, M = I-u27x 10"2» gm. 
A= l(3- 14)2(3 X 1 0^0)2(2890)2(1 ■G27x 10"21) ^ 

=4'84x 10^ dynes cm”^ ,% 


Here 
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Table 1-7 gives the values of force constants and bond energy 
for some diatomic molecules which absorb in infrared region. It is 
apparent from the table that the value of k determines the relative 
strengths of the bonds. 

Table 17 

Force Constants for Some Bonds 


Bond 

Infrared /.max 

W 

Force constant 
(dynes Icm) x 10’ 

1 

1 Bond Btnergy 
( Kcaiirtiole) 

H-F 

3-44 j 

9 7 

135 

H— Cl 

3-47 

4-8 

102 

H— Br 

3-77 

4-1 

87 

H— I 

4-48 

3i 

71 


2. Structure Elucidation and Identification of a Com* . 
pound. We have already seen that different functional groups in a 
polyatomic molecule absorb at characteristic frequencies. This pheno- 
menon has been helpful in the elucidation of structure of organic 
compounds. When the infrared spectrum of a compound is obtained, 
then the presence and absence of certain functional groups in the 
compound is known. For example, if the spectrum of a compound 
shows a strong absorption at 5-82 n, then a carbonyl group should be 

: present in it. If the spectrum contains no absorption in the region 
? 5 - 4 _ 6'3 (I, then it is certain that no carbonyl group is present in the 
compound. When the presence of different functional groups in the 
compound is thus established, then the structure can be elucidated 
with the help of other available data. i — — 

The most useful function of infrared spectroscopy is the identi- ^ 
fication of an unknown sample by matching its spectrum with that of 
a known compound. This is known as fingerprint technique as al- 
ready described. ^ 

3. Determination of Purity. We know that each particular 
compound has a characteristic infrared spectrum. If impurities are 
present in it, then extra absorption bands will appear in the spectrum 
and some parts of the spectrum will not be so sharp. Thus, infrared 
spectrum can be used to determine the purity of a compound. 

4. Study of Reaction Kinetics. In a chemical reaction one- 
expects the breaking of some bonds and producing new bonds. Accor- 
dingly, certain bands in the infrared spectrum would disappear and' 
new bands will appear in the course of time. Thus, the progress of 
many organic reactions can be followed by withdrawing aliquots at 
different intervals and examining their infrared spectra. 
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TEST YOUR KNOWLEDGE 

1. Give a (crm for each of the following : 

(/) Study of absorption and emission of electromagnetic radiations by 
matter. 

(//) Phenomenon in which white light is separated into its coloured compo- 
nents. 

(fit) The number of wavelengths per cm. 

(iv) The distanee travelled by a wave during a complete cycle. 

(v) Extinction due to 1 cm thick layer of solution whose molar concentra- 
tion is unity. 

(v/) The wavelength corresponding to maximum absorption. 

(vii) Shift of absorption band towards shorter wavclcngtlis. 

(viii) The effect in which a substituent causes to decrease the intensity of 
an absorption band. 

[ix) Vibrations in which atoms move along the bond between them. 

(x) Restoring force per unit displacement. 

2, Fill in the blanks with appropriate words : 

(/) When white light is passed through a prism, the band of colours pro- 
duced is called 

(j 7) The complete optical system for producing and viewing a spectrum is 
known as optical 

(/;7) The instrument which makes the photographic record of the spectrum 
is known as 

(jV) The number of wavelength passing through any point per second is 
known as 

(v) An ordered arrangement of. according to wavelength is called 

electromagnetic spectrum. 

(v 7 ) The spectra of. is called band spectra. 

(v/7) The complex .structure of molecular spectra consists of a greater num- 
ber of closely packed 

(viii) Rotational spectra arc produced due to the transitions in energy c " 

molecules. 

(ix) The fraction of light is proportional to the number of solute rr''-- 

culcs in the path travelled. 

(x) The vibrational motion of a polyatomic molecule tan be tcs'‘ " 

to a small number of. vibrations. 

(xi) The fundamental frequency of a diatomic molecule depeaa 

and 

(xii) is an isolated functional group not in conjugatios 

colour to a comnound. 
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3. Complete the following 

(/) 1 micron (f^) = cm 


( /;) v=.../c 


(in) /l=Iogio 

( iv) -ec... 

lOe 

( V ) A/= 


KEY 

1 . (i) Spectroscopy (//) Dispersion (in) Wave number (;V) Wavelength (v) Molar 

extinction coefficient (ri) /,„ax (w'O Hypsoehromic shift (viii) Hypochromic 
effect (/a‘) Stretching vibrations (x) Force constant. 

2. (/) Spectrum (ii) Spectroscope (Hi ) Spectrograph (/>-) Frequency (v) Radiations 
(vi) molecules (rii) lines (viii) rotational (i.Y) absorbed (x) normal or funda- 
mental (xi) force constant, reduced mass (xii) chromophore. 

1 % 

3. (i) 10-‘(ii)'’ Uii)h (‘>’> ^> (>') E ” («') ^ (w') (viii) Xa Xb (ix) k 

2cm 

(.T) 10-' 


(Vi) .... 

(vii) ft = 


1 

27r c 


A 


+/«3 

(viii) k=aN(^^'^+b 

(ix) ...=4sr*c’v*(i 

(x) 1 Angstrom == ...mp 


QUESTIONS 

1. What is an optical spectroscope ? Describe its various parts with an optical 
diagram. IVhat modifications arc made in a spectroscope for the constru- 
ction of (a) Spectrometer (b) Spectrograph, and (c) Spectrophotometer ? 

2. What is the nature of electromagnetic radiation ? What is the vv'avclength 
range of following radiations in Angstrom units ? 

(a) Ultraviolet rays (b) Visible light (c) Infrared rays. 

3. What do you understand by emission and absorption spectra ? Describe 
their classification. 

•1. Give the basic arrangement of various instrumental units in an absorption 
spectrometer diagrammaticaHy and describe each unit. 

5. What are band spectra ? Describe their origin in terms of electronic, vibra- 
tional, and rotational transitions. How will you classify band spectra ? 

6. What do you understand by ultraviolet and visible spectroscopy ? Describe 
its applications. 

7. State Bccr-Lambcrt’s law. Explain the terras : absorbance, transmittance, 
and molar c-xtinction coefficient. What are the limitations of Bcer-Lambert's 
law ? Give the various factors which cause deviation from this law, 

8. Write short notes on : 

(i) Chromophorcs («') Auxochromes (i/j) Effect of substituents on electronic 
bands, (jv) Absorption of common functional groups. 

9. Discuss the origin of electronic absorption bands. What arc K-band, B- 
bnnd, and R-band ? 

10. Discuss the origin of colour in transition metal ions with a suitable e.xamplc. 

11* IVhat is infrared spectroscopy ? Describe its important applications. 
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\\Ti_at do you understand by a r-ermal r=rcr 
various types of normal modes in a rjrlvatanric 


cf ribr.’.’.ic'n, tlu- 

—jlnrak dia^ratu'. 


13. 


What are the conditions for the absteptinn of infr.-.riri Mow 

will you determine the position of an absorption b.vni in \\ avt mn-nbcrs ' 


14. Explain the terms : 

(/) Wave number (//) Continuous spectra (i:!) S-implc cell ;jV') Abiorpsioii 
spectrum (v) Vibrational rotational spectra' (w") Extinction (v;T) n— dnm'nv 
(vtVi) Bathochromic shift (ix) H>-perchromic c!?cct (.v) Lip.nid< (.\j) 
transition (xii) Finger printing Ovh'O Bending ribr.nior.s (.vir) Rotui order 
(;cv) Reduced mass. 


15. An absorption band occurs at 3'45 p, WTiat is its Frequency in w.we munbers ' 
Calculate the energy associated with band in ergs, 'mole. 

(I cm”' = l-985x 10“'* crgs/molcculc) 

[Ans. 2893 cm~'. S'-'l'.v 10" ergs ntolrt 

16. A monochromatic light was passed through a 0-01 solution of a sul'.'t.v.tcc 
placed in a 5 cm thick cell. The intensity of transmitted light w.rs hnurd to 
be 0'245 of the incident light. Calculate the molar extinction coeSVtcien*. of 
the substance. 

lAttS. V:'21 

17. There is an intense band at 2144 cm~' in the infrared spcclnim of Ctl. 
Calculate the force constant. 

[Ans. 18.5 .X 10' tlynes/i'iiil 

18. Calculate the fundamental frequency in the infr.iml absorption .spn lniii) 
for C~C stretching vibrations {lc=4-5x 10* dyncs/cm), 

[Ans. 1122 iur'J 

19. Hydrogen bromide has a vibrational frequency of 7-i1f.xl0" cyidri/ft - 

Calculate the force constant for the H—Br bond. 

[Ans. 'M X 10’ (lyiir* perd;,/ 

20. How many normal modes of vibrations arc there in IIC.V tnolcculc ? lit;, Ur: 
these normal modes with diagrams. 
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Introduction. 

Ancient Greeks noted that the mineral quartz usually occurs in 
the form of characteristic shape bounded by flat surfaces. From the 
transparency of mineral they thought that the freezing of water 
under intense cold has resulted in the formation of quartz. Hence 
the name krustallos, which means clear ice, was given to it. Later 
on the term krustallos was extended to all substances which had such 
characteristic forms bounded by flat surface. It is due to the work 
of Steno, Lomonosov and Hauy that the study of crystals evolved 
from mere speculation. Hauy argued that crystals are made 
of tiny bricks of minerals. Different arrangement of bricks gives 
different forms of crystals. Hauy’s notion of the arrangement of 
bricks of minerals has now been replaced by that of arrangement of 
, ;;.utoms or molecules or ions. Thus, chemical constitution is the deci- 
rMing factor for the crystalline form. Fyodorov was able to tell the 
‘ chemical composition of many substances by the study of their 
crystalline forms. 

The science which deals with the study of the growth, external 
form, internal structure and physical properties of crystals is known 
as crystallography. A body bounded by surfaces, usually flat, 
arranged on a definite plan which is an expression of the internal 
arrangement of particles {atoms, molecules or ions) is known as a 
crystal. From the definition of crystal it is clear that the internal 
arrangement is of basic importance. We can construct a model of 
crystal with glass or wood. It will not be called a crystal because 
it lacks the fundamental property of the internal arrangement of 
particles on a definite plan. 

^ Crystalline and Amorphous Substances. 

v/ Crystalline substances are those solids which exist as cry- 
stals. These crystals may be big or small. Some crystals are so tiny 
that their crystalline shape can be visible under microscope only. 
Apart from these, there are many substances which lack the crysta- 
lline shape as well as the definite plan on which their internal 
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arrangement is based; such substances are called amorphous. 
Glass, plastic, pitch, and sealing wax are examples of amorphous 
substances. The term ‘amorphous' has been taken from Greek, 
which means ‘shapeless'. The particles in the amorphous substance 
are arranged at random in the same way as in liquids. Hence these 
substances are considered as supercooled liquids. A crystalline subs- 
tance possesses a sharp melting point, while an amorphous substance 
does not have any sharp melting point. Actually amorphous 
substances are intermediate between solids and liquids. X-ray exa- 
mination has shown that there is only partial regularity in the internal 
arrangement of particles of which the amorphous substance is consti- 
tuted. Hence crystalline solids are true solids in the strict sense. 


An important feature to differentiate the crystalline and amor- 
phous substances is the nature of their cooling curves as shown in 




Time (_min) 

{o) 

Fig. 2'1. Cooling curves for 
(a) Crystalline (b) Amorphous substances. 


Fig. 2*1, The cooling curve for a crystalline substance is discontinu- 
ous having breaks at X and Y, as shown in Fig. 2-1 (c). In contrast 
to it the cooling curve for an amorphous substance is continuous as 
shown in Fig. 2T (b). The breaks at X and Y in the cooling curve 
of crystalline substance show the beginning and end of crystalliza- 
tion. The temperature remains almost constant during cry.stalhzn- 
tion. This is due to the fact that crystallization is accompanied b>^ 
liberation of heat. This liberated energy compensates for (he Joss ot 
heat in cooline bnd keeps the temperature constant. Since crysta i- 
zation does no't occur in' the cooling of an amorphous substance, 
cur\'e remains continuous throughout. 

To sommarfee, the crystalline and amorphous substances 
in the aspects as shown in Table 2T. 
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Table 21 

Differentiation between Crystalline and' Amorphous 
Substances 


S.No. 

Crystalline Substances 

Amorphous Substances 

1. 

The internal arrangement of 
particles is regular. 

The internal arrangement of 
particles is irregular. 

2. 

There is regularity in the 
external form, when crystals 
j are formed. 

There is no regularity in the 
external form, when amorphous 
solids are formed. 

3. 

There is a sharp melting 
point. 

There is no sharp melting point. 

4. 

The cooling curve is disconti- 
nuous. 

The cooling curve is continuous. ' 

5. j 

Crystalline substances arc re- 
garded as 'true solids' formed 
by the process of erystallica- 
tion. 

Amorphous substances are regar- 
ded as ‘super cooled’ liquids or 
as intermediate between solids 
and liquids. 

C. 

All crystalline substances, 
c.xccpt those of cubic system, 
arc anisotropic i.e., their 
pliysical properties depend i 
upon the direction of measure- i 
ment. 

t'' 

All amorphous substances arc 
isotropic, t.e., their physical pro- 
perties are the same in all direc- 
tions. 

L, 


^Eotropic and Anisotropic Substances. 


A study of physical properties of amorphous substances in 
diiferent directions reveals that they have the same value of any phy- 
sical property like thermal or electrical conductivity, hardness, 
refractive index, etc., in all directions of measurement. Such subs- 
tances are called isotropic. As for example, the velocity of light 
and hence the refractive index in glass is the same, no matter in 
which direction it is measured. Hence glass is said to be isotropic. 
All amorphous substances and the crystals of cubic system are iso- 
tropic, Thus, isotropic substances may be defined as those subs- 
tances which give the same value of any physical property in all 
directions. 

•v 

All crystalline substances, except those of cubic system, give 
different values of a physical property in different directions of 
measurement. Such substances arc called anisotropic. For exam- 
ple, the velocity of light and hence the refractive index in a crystal 
of Iceland Spar is not the same in ail directions. Hence Iceland 
Spar is anisotropic. Thus, anisotropic substances may be defined 
as those substances which do not give the same value of any physical 
property in different directions. / r- j 
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Isotropic substances may be said to exhibit isotropy, whereas 
anisotropic substances may be said to exhibit anisotropy. Aniso’ 
tropy IS a strong evidence for the ordered arransement of panicles in 
crystalline substances. This can 
be understood with the help of a 
two-dimensional regular arran- 
gement of two types of particles 
as shown in Fig. 2‘2. It can be 
seen that the properties measu- 
red in the direction XY will be 
different than those measured in 
the direction PQ. It is due to the 
fact that each row is made up of 
only one type of particles in the 
direction XY, but in the direction 
PQ each row is made up of both 
types of particles alternately 
arranged. In the case of amor- 
phous substances, the particles 
are arranged at random, so all 
directions are similar. Thus, the 
physical properties in amorphous 
substances are alike in all direc- Fig. 2-2. Anisotropic behaviour 
tions. Crystals of cubic system of crj-stalline substances, 

are exceptionally isotropic be- 
cause there is a high degree of regularity in the arrangement o! 
constituent particles in them. 

CHARACTERISTICS OF CRYSTALS 



Faces. Fdces are surfaces by which the crystal is bounded 
Faces are generally flat, but sometimes they are curved also as in r 
specinien of diamond. Faces arc of two kinds, like and unlike- 

Edges, An edge is formed by the intersection of two adjacent 


laces. , , , 

Interfacial Angle. Interfacial angle is the mgle between the 

perpendiculars to the two intersecting faces. 

angle between two faces F and F' is A as . ' 

facial angles are measured with the instrument calfe g 

Solid Angle, A solid angle is 
formed by the intersection of three 
or more faces. 90 

Form. Inspection of 

shows that there are a number of like \ A / ■ ' 

faces present in it. Each set of Uno 

fores in a crystal is called a iorta.. V- 

'^crystal made entirely of like faces ^ Intcrf.ici.il AncR- 

■s railed a simple form. ' 

— » rhfine cf , r}-I .. 
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Such a set of faces is called a zone. Each zone forms a complete 
belt around the crystal. An axis through the centre of crystal and 
parallel to the edges of a zone is termed as zone axis. 

The relationship between faces, edges and solid angles may be 
given as 

f+c=e-!-2 

where f, c and e are the number of faces, solid angles and edges 
respectively. 

Symmetry. It is an important characteristic of a crystal. A 
peculiar regularity observed in the arrangement of objects or their 
parts on a plane and in space is called symmetry. Alternatively, 
an object has symmetry if some operation is carried out on it which 
converts it into itself. Such an operation is called symmetry ope- 
ration. 

Symmetry is exhibited by crystals in quite a number of different 
forms. It is this characteristic which forms a basis for classification 
of crystals. 

^Elements of Symmetry. 

The geometrical expressions of symmetry operations are ter- 
med as elements of symmetry. There are several types of elements 
of symmetry. Three important types will be discussed here as given 
below : 

Plane of symmetry is an imaginary plane which divides 
the crystal into two parts such that one half is the mirror image of 
the other. In other words, a plane of symmetry divides the crystal 
into two identical and similarly placed halves. Any line drawn per- 
pendicular to this plane intersects the surfaces of crystal at equal dis- 



2 Plon« 2 pion« 

Fig. 2'4, Planes of symmetry in a cube. 
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tances on either side. The plane of symmetry can be illustrated by 
taking the example of a cube. Fig. 2-4 shows dissected planes in a 
cube. In all, there are 9 planes of symmetry in a cube. The inspec- 
tion of a brick shows that there are only 3 planes of symmetry in it. 

. ^2^ Axis of Symmetry is an axis about which if the crystal is 
rmated, then it occupies the same position in space more than once 
in a rotation through 360°. There are various types of axes of sym- 
metry depending upon the degree of symmetry of a crystal. Follow- 
ing types of axes of symmetry are found in a cube : 

(fl) .\xis of Two-fold Symmetry or Diad is that axis about 
which if a crystal is rotated, then it occupies the same position two 
times in a complete rotation. An axis of two-fold symmetry fora 
cube is shown in Fig. 2*5 (a). This axis intersects at the middle points 



of the two opposite edges of the cube. As there are 12 edges in a 
cube, there will be in all 6 axes of two-fold symmetry. 


(b) Axis of three-fold Symmetry or Triad is that axis about 
which if a crystal is rotated, then it occupies the same position 
three times in a complete rotation. Fig. 2' 5 (6) shows an axis of 
three-fold symmetry for a cube. This axis intersects at the two oppo- 
site solid angles of a cube. As there are eight solid angles in a cube, 
there will be in all four axes of three-fold symmetry. 


(c) Axis of fonr-fold Symmetry or Tetrad is that axis about 
which if a crystal is rotated, then it occupies the same position four 
times in a complete rotation. Fig. 2*5 (c) shows an axis of four- 
jold symmetry for a cube. It intersects at the middle points of the 
.'u of a cube. As there are six faces in a cube, there 

'vill be in all 3 axes of four-fold symmetry. 

. there are 13 axes of symmetry in a cube. Examination 

in ^ shows that there are only 3 axes of two-fold symmetry 




^4 


PHYSICAL CHEMISTRY 


.^3. Centre of Symmetry is an imaginary point inside the crystal 
such that any straight line drawn through it 
will intersect the faces, edges or solid angles 
of the crystal at equal distances on opposite 
sides. Alternatively, a centre of symmetry 
is a centre inside the crystal around which 
like faces, edges and solid angles are arran- 
ged in pairs on opposite sides at equal dis- 
tances. A crystal may have one or more than 
one planes or axes of symmetry, but it can- 
not possess more than one centre of sym- 
metry. A crystal may have either one or no 
centre of symmetry. A cube possesses a cen- Fiff.2-6. Centre of Symmetry 
tre of sj'mmetry as shown in Fig. 2'6. A X in a cube, 

brick also possesses a centre of symmetry. 

Crystallographic Axes. 

It is a usual practice in solid geometry ih^ the .position.of a 
plane in space is shown by the intercepts that it makes on three 
given li nes called axes. The s^ne ' 
procedure is used in crystallography 
and the axes are termed as crystallo- 
graphic axes. Thus, the position of 
the face of a crys^ in space is 
given by the intercepts that the 
face makes with the given lines 
called crystallographic axes. The 
axes of symmetry, if present in a +o 
suitable number, are generally cho- 
sen as crystallographic axes. The 
crystallographic axes intersect at a 
point called origin. Certain con- 
ventions are used in the nomencla- F'S- 2-7. Axial Conventions 
ture of crystallographic axes and 

the angles between them as shown in Fig. 2-7. The vertical axis is 
called c. ->The axis running from right to left side is called b and that 
running from front to back side is called a. One end of each axis is 
positive, while the other is negative as shown in Fig. 2*7. The angle 
between a and b axes is called y (gamma), that between b and c axes 
is called a (alpha), and that between c and a axes is called /3 (beta). 

V / " crystallographic d esignations 

A cvicise method of showing the relation of any crystal face 
to the crystallographic axes is termed as crystallographic desig- 
nation. There are a number of systems of crystallographic designa- 
tions used by Miller, Weiss, Levy, Naumann, and Goldschmidt. 
Out of these the two chief systems oftenly used are as given below ; 
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face cutting b axes at 1 and 3 units respectively compared 

to the unit face and is parallel to c axis has the Weiss symbol as 

(a :3b:<x> c) 

2. Index System of Miller T/ie red procals of parameters 
are called the indices (plural of index).In the index system of Miller, 
these indices are witten in the order of axes a, b, c, and are given 
in the simplied form by clearing of fractions, if any. As for example, 
consider the crystal face ADE which has the Weiss symbol 

[a ‘.lb: |c) 

The reciprocal of the parameters, i.e, indices are 

in the axial order a, b, c. Now the indices are multiplied by 2 to 
clear of the fraction. Thus, we get 

2. 1,4 

The Miller symbol for the face ADE is therefore 

(214) 

which is read as two one four. In the same way, if the Weiss symbol 
for a face is {a 3b •. oi c), then its Miller symbol is (310) which is 
read as three one nought. 

As considered earlier, the unit face of gypsum crystal cuts the 
5 three axes at unequal distances, even then its Miller symbol is (111). 
It is due to the fact that the unit face has been defined as cutting 
each axis at unit length for the purpose of measuring the intercepts 
, of other faces. Thus, the Miller symbol for the unit face ABC 
(Fig. 2'8) is also (111). 

It may be noted that a face parallel to an axis will contain 0 
(nought), the reciprocal of infinity, at the appropriate position in the 
Miller symbol. Again, as the Miller symbols are based tm reciprocals 
of parameter, the larger is the figure in the Miller symbol, the nearer 
to the origin will face intersect the corresponding axis. In the same 
way, the smaller is the figure in the Miller syrnbol, greater will be 
the distance from the origin at which the face will cut the axis. The 
general Miller symbol is [hkl). 

Law of Rational Indices. Examination of a number 
of crystals led Hauy (1784) to establish a law known as the 
law of rational indices. According to this law, the intercepts 
that any face of the crystal makes with the.crystallographic ax 
are either infinite, or small sat ioiml m ulti pi e sj>f the inte rcepts ma 
by unit face. Thus, the Weiss sym’BoTslik#Xl‘273 a, b, 4-52 cjl 
any face are impossible. This law is a result of the ordered arranj 
ment of the constituent particles in crystals. 

\ 
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V^^ASSIFICATION OF CRYSTALS 

There are three criteria on the basis of which the classifications 
of crystals have been done. They arc as given below ; 

(/) Classification based on the combination of elements of 
symmetry. 

(//) Classification bated on the crystallographic axes and the 
angles between them. 

(///) Classification based on the nature of bonds between 
constituent particles. 

Let us take each type of the classification and discuss it. 

(/) Classification Based on the Combinations of Elements 
of Symmetry : Symmetry Classes or Point Groups. As we 
have seen that a crystal has certain elements of symmetry like planes,, 
axes, and centre of symmetry. These symmetry elements form an 
associated group which describes the nature of symmetry in the 
crystal. This combination of symmetry elements is termed as a. 
symmtery class or point group. The word ‘point' implies that 
one point, perhaps the centre of gravity remains in position during 
symmetry operations and the rest of crystal moves about this fixed 
point. All crystals having the same combination of symmetry 
elements belong to the same symmetry class or point group. For 
example, wc know that the elements of symmetry for a cubic 
crystal arc : 

{ 9 Planes of symmetry, 

13 Axes of symmetry, and 
A centre of symmetry 
If wc examine the elements of symmetry of a regular octahedra 1 
crystal which contains eight equilateral triangular faces as shown in 
Fig. 2'9, then wc shall sec that the 
elements of symmetry possessed by 
it are the same as that of a cubic 
crystal, i.c., it will also contain 9 
planes, 13 axes, and a centre of 
symmetry. Thus, wc shall say 
that a cubic and a regular octahed- 
ral crystal belong to the same 
symmetry class or point group. 

Taking in view the different 
elements of symmetry and the law 
of rational indices it was shown by 
Hcsscl (1830) that there arc 32 
types of symmetry classes or point 
groups in all. These thirty two 
point groups define all the ways in Fig. 2 ‘J An Octr.hcdr.il 
which" the elements of symmetry 

about a single point may be distributed in space. The first c’ 
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cation of crystals is therefore into thirty-two point groups. It is 
beyond the scope of this book to describe each type of point group. 

(it) ClasBification Based on the Crystallographic axes 
and Angies between them. The Crystal Systems, Jn the 
study of crystals it is essential to refer them to the crystallographic 
axes. It has been found that there arc various types of these axes and 
the angles between them. Moreover, it is also seen that the crystals 
belonging to different point groups can be studied with reference to 
the same set of crystallographic axes. AU the crystals which can 




Orthorhombic Monocitnio Rhombohrtfro) 



M.neijonol rrhiMt 


I'ig. 2-10. Crystal System 

he referred to the same set of crystallographic axes bclone to one 
RTOitp known as a crystal system. Therefore, the second classift- 
cation of crystals is, into oryslal systems as shown in Fig 2'10 
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All the thirty-two classes of point groups fall into seven crystal 
systems, &ich crystal system has a characteristic set of axes and the 
angles between them as shown in Table 2*2. 

Table 2 2 
Crystal Systems 


5. 

No. 

Crystal 

System 


Interaxial 

Angles 

Number 
of point 
Groups 

Examples 

I 

Cubic or 
Regular 

a = b = c 

0 = ^ = y = 90= 

5 

1 NaCl, KCI, 

CaFj, 

! Diamond 

2 

Tetragonal 

a = b ^ c 

c = ^ = y = 90= 

7 

^Vhitc Tin.TiOj, 
Pb\V04 

3 

Orthorhombic 
or Rhombic 

a ^ b ^ c 

c = )8 = y = 90= 

3 

KN’Oa. K 2 SO 4 . 
BaS 04 , Rhombic 
sulphur 

1 

Monoclinic 

a^b^c 

e = y = 90^; 
5*90= 

3 

Monoclinic Sul- 
phur, CaSO/,- 
2 H 2 O, ^-Sulphur 

3 

Rhombohedral 
Or Trigonal 

0 = b = c 

c = g = y 90^ 

5 

Calcitc, Quartz, 
NaNOa 

6 

Hexagonal 

Three equal 

horizontal 

axes. 

Fourth axis 
vertical 
unequal 
a, — a, 

^ c 

Horizontal axes 
at to each 

other, vertical 
axis at right 
angle to other 
three 

1 

7 

1 

Ice, Graphite. 

Zn, Cd 

7 

Triclinic 

a ^ b ^ c 

c 0 y 90= 

1 

2 

K2Cr207.CtiS04- 
5 H 2 O, H 3 IIO 3 


It is seen from the Table 2*2 that the crystal systems range from 
a highly symmetrical set of three axes at right angles of the cubic 
system to a completely general set of three uhcqual axes at three 
unequal angles of triclinic system. 

{///) Classification Based on the Nature of Bonds between 
Constiuent Particles. The consitituent particles in crystals arc 
atoms, molecules or ions. There arc following three types of crystals 
based on the nature of bonds between these structural units ; 






























50 


PHYSICAL CHEMISTRY 


(a) Ionic Crystals. In these crystals the structural unit is ion 
and there exists electrostatic attractions between ions. Crystals of 
NaCI, CuSO^-SHgO, etc., belong to this class. 

(b) Covalent Crystals, These crystals are formed by mole- 
cules having covalent bonds, e,g„ iodine, and ice. Molecular forces of 
attraction arc comparatively weaker in these crystals. Organic com- 
pounds also form such crystals. Sometimes giant molecules are also 
formed by the network of covalent bonds between atoms e.g., dia- 
mond, and graphite. 

(c) Metallic Crystals. These crystals are formed by atoms 
of metallic elements and have metallic bonds between them. 

^ THE INTERNAL STRUCTURE OF CRYSTALS 
Epacc Lattice and Unit Cell, 

A geometrical concept, known as lattice has proved much 
useful in the study of internal structure of crystals. Space lattice 
constitutes the pattern upon which the internal structure of crystals 
is based. It was shown by Hauy (1784) that the outer shapes of the 
crystals is a result of an ordered array of structural units in three 
dimensions. Before understanding the concept of space lattice, let 
us understand lattice. For this, consider a simple two-dimensional 
design of a wall paper as shown in Fig, 2.11, It can be seen that 
the whole pattern consists of repetition of smaller units. 

Let us choose a representative point X in the given pattern and 
mark the positions of similar points in whole of the design. Now 
if we disregard the design for the moment and consider only these 
points, then we shall see that they form a regular network. If we join 


X 


Fig. 2-1 1. A Two-dimensional Design on W.iU paper, 
these points by lines, then the whole design will be divided into small 
cells. Each cell will contain the same unit of pattern. The repeti- 
tion of these small units forms the whole design of wall paper. It 
will not matter that which point is chosen as a representative point 
because similar network of points will be obtained whichever point 
in dcsip IS chosen as a representative point. This is the fundamental 
property of any pattern. The choice of representative point is quite 
arbitrary. The network of points obtained only shows the intervals 
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at which the unit of pattern is repeated in the two dimensional plane. 
This network of points is known as lattice. 

Similarly a crystal is a regular three-dimensional design. In a 
crystal also the positions of identical points can be marked and a 
three dimensional net work is obtained as shown in Fig. 212. ^ch 
point in this network has the same environment as that of any other 
identical point. The network of points shows the interval at which 
the unit of pattern is repeated in three-dimensional space. A space 
lattice is an infinitely extended regular arrangement of points. Each 
point in the space lattice has the same environment as any other 
similar point. 

As w'e have seen that the straight lines joining identical point in 
a wall paper divide it into smaller cells Each such cell represents the 
unit of pattern. In the same way, straight lines joining the point in 



Fig. 2‘12. Space Lattice and a Unit (. i ll 
a three dimensional arrangement may be dr.n\;i as slioun in Fig. 2-12. 
These lines divide the whole lattice into sm.illcr three-dimensional 
units of pattern. Such a unit of lattice knoun as unit cell which 
may be dcRned as a smallest repeating unit in space lattice which 
results in a crystdl when repeated again and again in three dimen- 
sions. A unit cell with edges OX, OY and OZ is shown in Fig. 2.12 
with thick lines. There arc other w.iys al.'O in which the points in 
in Fig. 2.12 can be joined and unit cells of ditlerent shapes may be 
obtained, but all these different unit cells \'id have the same voJurre. 
the lengths a, b, and c of the three edges ^ \ Fig. 2* 12) of the ckssex 
unit cell are called its primitive translations. 

Types of Lattices. 

It was shown by Bravais (IS4S) that only 14 differer: 
lattices can be drawn in three dimensions. It means ihaiizer:^ 
only 14 ways in which similar poirts can be arranged 
three-dimensional order. Bravais further classified these ‘ rr — 
space lattices into four different t.vres as follows : 

^.. fi) Simple or Primitive lartices ore these hr rr- ^ 
constituent particles are situated oaij. a: the corrersr'r- 
(//) Base-centred Lattices ore those in fh-"'' 
located at the centres of any two rarallel fanes hr 
particles at the corners of uzi: cell. 
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^/(iii) Body-centred Lattices are those in which a particle is 
located at the centre of the cell in addition to those at the corners of 
the cell. 

\ /(fv) Face-centred Lattices are those in which particles are 
located at the centre of each face besides those at the corners of the 
cell. 

All these types of space lattices fall into seven crystal systems 
as shown in Table 2-2. 


Table 2 2 

Distribution of Lattice Types in Crystal Systems 


System 

Distribution of Lattice Types 

Total number 
of 

Lattice Types 

1. Cubic 

Simple, Body-centred, and Face- 
centred 

3 

2. Tetragonal 

Simple and Body-centred 

2 

3. Orthorhombic 

Simple, Base-centred, Body-centred, 
and F.ace-ccntred 

4 

4. Monoclinic 

Simple and base-centred 

2 

5. Rhombohcdral 

Simple only 

1 

6. Hocagonal 

Base centred only 

1 

7 Triclinic 

Simple only 

1 


The simple. Face-centred and Body-centred, lattices of cubic 
system are shown in Fig. 2-13 as an illustration. 


ffvl ^4=71 

EJ 


Fig. 2- 13. Simple, Face-centred and Body-centred 
cubic Lattices. ’ 



























THE CRYSTALLINE STATE 


53 


It can be noted from Fig. 2*12 that one point belongs to each 
simple unit cell. Although there are eight points at the corners of a 
unit cell, but it should be remembered lliat 8 unit cells meet at a 
corner and the point is shared equally by each cell. Thus on an av'cracc 
a simple unit cell contains only one point. In a body centred lattice, 
there is an extra point in the centre of each cell apart from those at 
the corners. Thus, each body-centred unit cell contains two points. In 
the same way it can be calculated that a face centred lattice contains 
four points. In crystals these points represent the structural units 
like atoms, molecules or ion pairs. With the concept of space lattice 
and unit cell it has been possible to calculate the intcratomicdistance 
in many crystals. The following example will make it clear. 

Example 2 1. Aluminium crystallises with face centred cubic 
lattice. If the density of Aluminium is 2’69^ calculate the distance 
of closest approach of Al atoms in the crystal. Atomic weight of 
Al=26'98). 


4 atoms. 


Solution. Since the crystal is a facc-ccntrcd one, a tinil cell contain 


\Vc know that 


Mass of 4 atoms of Al 

Avagadro Number 


Here 

gm atomic weight = 26'98 gm 
4x26-98 


Mass of 4 Al-atoms= 


6-023x10“ 


Volume occupied by 4 atoms or.Al = 
Here Density of Al = 2-69 

Volume occupied by 4 Al atoms 


Mass of -1 Al atoms 


Density of .-M 
■1 X 26-93 


6-023 X 10' ‘x 2-69 


=64x10 '*cc 

Hence, the volume of cubic unit cell =64 X 10"*' cc 
The edge of cubic unit ccll= Vvolumc of unit cell 

= V'^x 10^ 

=4x 10"’ cm = 4 A 
The length of face-diagonal =\/2(Lflgc)* 

=V2'W’ 

r - 4 •JT A 

The distance between closest atoms 

=» (length of face diagonal) 

= ix4,/2=2-83 A* 
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Lattice Places, It can be seen from Fig. 2' 12 that the points in 
a space lattice can be arranged in a series of parallel and equidi- 
stant planes called lattice planes or net planes. A set of such 
planes is shown by dotted area in Fig. 2'14. It is not the only way 
in which the points in the space lattice (Fig. 2' 14) can be arranged 
in parallel and equidistant planes. In fact, there are a number of ways 


and there may be other lattice planes 
also with different spacings, but they will 
be parallel. Another set of lattice planes is 
shown by horizontal lines. The faces of 
crystals are found to be parallel to lattice 
planes. The most common faces corres- 
pond to those planes which contain the 
largest number of points representing the 
structural units. 



Fig. 2T4. Lattice planes 


CRYSTAL STRUCTURE BY X-RAY DIFFRACTION 
Basic Principle of Diffraction Methods. 

The basic principle of diffraction methods depends upon inter- 
ference, The phenomenon of interference occurs when a wave motion 
is scattered from various centres simultaneously. We can take the 
.example of the interference of monochromatic visible light, when it 
i.)passes through a number of closely spaced slits as shown in Fig. 2T5. 
Slits Si and S3 act as point sources and the light is scattered from 
them in all directions. It can be seen from Fig, 2T5 (a) that the 
waves will be in phase if they move in such a direction that their path 
"difference after emerging from the slits is iiX. The two waves will 
reinforce each other in such directions resulting in constractive 
interference and more light will be seen. Thus, the essential condi- 
tion for constructive interference is that the diffracted ray must be 
in the direction e [Fig. 2T5 (n)] such that 


...( 2 - 1 ) 

where A is the wave length oflight, d is the distance between slits Si 
and 83, and « = 1,2,... In Fig, 2'15(o), nis seen to be equal to 
1, Eq. (2T) shows that there are various values of $ at which 
constructive interference can occur according as n = 1,2,3,... 

In other directions the diffracted ray will be out of phase 
to different extents and destructive interference will result. The waves 
will cancel each other in these directions and less lieht will be seen 
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The two waves will be completely out of phase, if they move in such 
direction that their path difference is X/2 as shown in Fig. 2*15 (h). 

. f'' 

As the value of sin 0 ranges 
from 0 to 1, it is dear from Eq. 

(2’1) that the value of n\ld must also 
range from 0 to 1. It is concluded, 
therefore, that d and a dwsi be of 
the same order ^ because n is a small 
integer. Thus, diffraction of light 
will occur only if the spacing of the 
scattering centres is of the same 
order as the wave lengths of light 
used. On this basis, Laue (1912) gave 
a brilliant suggestion that a crystal 
may act as a three-dimensional 
grating for the diffraction of X- 
rays, because the spacing d of the 
scattering units (atoms, molecules, 
or ions) in a crystal may be of the 
same order (I0~8cm) as the wave 
length A of X*rays. Knowing the 
wave length A of X*rays the spacing 
d between the structural units of crystals caa be fevvd by measuring 
the direction 0 of the diffracted beam. 


(a) Constructive (nterference 



It] Ccstrczlrre I'.tzrference 


T)iffraction of X-rays by Crystals, 

Friedrich and Knippi-ng sizrzsc the experimental test, on the 
suggestion of Max %'on Lsue, at the university of .Munich for the 
diflVaction of X-rays by cryr,sls, A narrow beam of X-ray was 
passed through a crystal of zinc biende, ZnS and allowed to fall on a 
photographic plate. They cbiained a pattern of spots around the 
central intense spot- Latte showed that the positions of these spo^‘ 
were in consistence with the ciffrEction of X-rays by cubic arran^^ 
inent of scattering units in the zinc blende crystal. This disco'- - 
simuita.neouslv established the following two facts : 

(i) the X-rays could be diffracted Hite light 
possess wave nature, and . . . ~ 

(//; the crystals consist of an ord’ f -■ 

tural units with equal spacina- 
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Whefn the news of Friedrich’s work reached England, it was 
immediately taken up by W. L. Bragg and his father W. H. Bragg. 
These workers applied extensively the X-ray diffraction to study the 
internal structure of many crystals. We owe greatly to them for the 
early development of the subject. Their treatment will now be con- 
sidered in detail. 

.ff" The Bragg Equation, Braggs gave a treatment of X-ray diff- 
v-4action by a crystal which is simpler than the Laue theory. They 
suggested that the crystal should be used as a reflection grating rather 
than a transmission grating. Every structural unit {atom, molecule 
or ion) will scatter X-rays depending upon the number of extranu- 
clear electrons. Thus, every lattice plane containing these structural 
units behaves to the X-rays just as does a line in a diffraction grating 
to visible rays. The nature of the spectra produced by a line grating 
depends upon the distance between successive lines. In the same 
way, the nature of X-ray diffraction depends upon the spacing bet- 
ween the successive lattice planes. 

When the rays from an X-ray tube, or primary rays, impinge 
on a crystal, the electrons of material particles in the crystal are ex- 
cited. Thus, these material particles become a secondary source of 
X-rays. They emit X-rays of the same wave length but of weaker 
intensity. These rays are called secondary rays. As these rays 
have a very weak Intensity, their presence can only be detected if 
they combine by constructive interference and thus increase their 
intensity. The condition for this constructive interference may be 
worked out in the following manner, 
i Consider a section through a crystal lattice as shown in Fig. 

2' 16. Lattice planes aj, 02 , 03 , etc., are perpendicular to the plane of 
this page. Material part.cles are represented as points in these planes. 
Let a parallel beam of X-rays (Primary rays) strikes these planes at 
an angle 0. This angle is between the direction of rays and the 
plane of incidence, hence 0 is called the glancing angle. The part 
of the beam, e.g., ray AB, will be reflected by tlie plane at B in 
the direction BC. Another ray DE will penetrate the crystal and be 


A 



Fig. 2-16. X-Ray Reflection by Lattice planes. 
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reflected by the plane a-z at E in the direction EC. Similar reflections 
will occur at other planes. Thus, it is clear that the beam which 
emerges from the crystal in the direction BC is made up of a number 
of rays which ha\c travelled various distances through the crystal. 
These emerging rays will reinforce one another only iniie path diffe- 
rence is equal to an integral multiple of the wave length A of X-rays, 
i.e., n\, where u is a w'hole number. To calculate the path difference 
bctw'een the rays ABC and DEC, from B draw perpendicular BG on 
the plane 03 , and BF on EG. The path difference A between ABC 
and DEC is obviously, 

A = (DE+EB)— AB 
But AB = DF=DE+EF 
Putting the value of AB in Eq. (2’2), w'c get 
A = (Dfe-EEB)— (DE-fEF) 
or A = E^— EF / ' 

From the geometry of the triangle BEG, 

EB = EG 

Hence, putting EG instead of EB in Eq. (2-3) we get 
A = EG— EF 

A = FG ...(2‘4) 

From the geometry of the Fig. 2' 16, it can be clearly seen that 
<FBG is the same as glancing angle From the triangle BFG, 


...( 2 - 2 ) 


...{2-3) 


or 

or 


sin 0 


~BG 
FG = BG sin 
FG = 2d sin 6 


...(2-5) 


where d is perpendicular distance between successive lattice planes. 
From Eqs. (2*4) and (2'5) 

^ — 2d sin 0 

For a maximum reflection, the path difference A must be equal to 
nA. Therefore, the condition for maximum reflection is given by 

2d sin 0 = uA ...(2'6) 

This is the Bragg Equation. It applies to rays reflected from other 
planes also. If 0, « and A arc known, then d can be calculated. For 
homogeneous X-ra\ s^and a definite set of lattice planes, A and d arc 
fixed. Hence, the extent of diffraction depends upon 0, the glancing 
ancle. As e is gradually increased, a series of maximum reflections 
occur corresponding to n= 1, 2, 3,... These diffraction maxima arc 
called first, second, third, etc., order according asn= 1, 2, 3, etc. The 
glancing angle 0 can be measured corresponding to warious order .ind 
d, the sp::cing between the lattice planes can be determined using the 
Brage Equation. The following example will make it clc.ar. 
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Example 2’2. The first order diffraction maximum of the 
Ka rays of palladium, reflected from (200) planes of Nad crystal 
occurs at the- glancing angle of If the wave length of the Ka 
rays of palladium is 0'581 A, calculate the spacing between {200) 
planes of NaCl crystal. 

Solution. IVe know that 


or 


Here 


2d sin 6 = n}. 

B ~ 5'9^, therefore sin Q = 0-103 
n = 1, and = 0-851A 
2x<fx0 103 = 1x0-581 


0-581 

2x0-103 


2-82 A 


EXPERIMENTAL METHODS OF CRYSTAL ANALYSIS 

There are various methods for the analysis of crystal structure. 
The three principal methods are : 

1. Bragg’s method 

2. Rotating crystal method, and 

3. Powder method. 

Now we shall describe each of the above methods. 


A 1. The Bragg Method. The Bragg’s X-ray spectrometer is 
outlined according to the following scheme. Primary X-rays obtai- 
ned from a molybdenum anticathode X of an X-ray tube are. passed 
through slit Si and allowed to fall on a known face of crystal C. The 
crystal is mounted on a rota- 
ting table and its position can 

be read on the vernier scale T 

V. The secondary rays from tm'mi s 
the crystal are allowed to i 

enter the ionisation chamber | 


I after passing through ano- 
ther slit So. The ionization 
chamber is filled with a gas, 
c.g., SO 2 . Two electrodes Ai 
and Ao o f the ionizati on cha- 
mbcr are connected to a bat- 
tery B through an electro- 
meter E. When ionization of 
the gas takes place due to the 
entry of X-rays, there is a 
flow of current in the circuit 



measured by - electrometer. 
The reflected rays enter the 


Fig. 2-17. Bragg's X-ray 
Spectrometer. 
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ionisation chamber for all positions of the crystal because the arm 
carrying the chamber rotates about the axis of instrument at double 
the rate of rotation of the crystal. 

Starting with small glancing angle e and gradually increasing it» 
the readings in the clcctrometer'arc t'alcen for various values ol C. l lu 
readings of the electro meter g iven, measure of the intensity of Vi ■ly-"' 
entering the ionisation chamber. Sharp reflec tion maxima arc obtain- 
ed for those values of S which satisfy the Bragg equation, 2(1 sina — t’A* 
where d is the ' spacing^f l attice planes jjarallcL to crystal lace expo- 
sed to pri mary X-r ays. Knowing the value of A, d can be calculate 
for these lattice planes. This procedure is repeated for all important 
lattice planes of the crystal for the analysis of crystal stnicturt. 

This method is tedious and requires crystals with well developed 
faces, but the interpretation of the results is quite easy. This met 
is used when all other methods fail. 

The Rotating Crystal Method. Tliis method was dc\^ 
loped by P olany ij 1921). , In this method a small crystal is 
to monochromatic X-rays and is rotated at the speed ot 10” 5 ro 
tions per hour round an axis parallel to one of the crystallograp i 
axes. As the crystal is rotated, various planes come one after an^ 
Iher into suitable positions for diffraction to occur. Correspon 
spots arc produced on cylindrical photographic film place ar 
the crystal C as shown in Fig. 2.19. " 

The geometrical interpretation of rotation photographs 
complex. However, there is a very striking feature of the pa 


graphs. This is the 
arrangement of spots in 
horizontal lines, when a 
zone axis of crystal is 
parallel to the axis of 
rotation. These horizon- 
tal lines containing bright 
spots arc called layer 
lines and have a simple 
explanation. Let c be the 
axis around which the 
crystal is rotated as shown 
in Fig. 2TS. PQ represents 
the spacing d between 
successive lawce~~pJancs. 
The incident rays AP and 
BQ are perpendicular to the 



Fig. 2- 18. The Pcinciple 
Cryital Ivfeth'/i- 

axis of rotation. Jn 
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structive interference takes places, the path difference between the 
rays scattered from P and Q in the direction PC and QD respectively 
should be an integral multiple of wave-lentgh A of X-rays. This path 
difference, QR == r/ sin ^ =»A, where is <RPQ as shown in 
Fig. (2-18). This condition determines the angle which the diffracted 
rays PC and QD make with the axis of rotation. On rotating the 
crystal, it will pass through various positions suitable for diffraction. 
All lattice planes with the same spacing PQ in the direction parallel 
to the axis of rotation will produce spots lying on a horizontal line 
on the photographic film. 


C oxis 


Now consider the Fig. 2*19 in which crystal c is rotated around 
the crystallographic axis C. Lattice planes which arc parallel to this 
axis may be represented by the 
general Mirlle indices (MO). 

These planes will refiect tlie 
rays horizontally and give spot 
on the so called zcro.layer line 
passing through the central 
spot in the photograph. Lattice 
planes inclined to the C axis 
will have the Miller indices 
like (/jfcl), [hkl), etc., and 
will produce first, second, etc., 
layer lines symmetrically above 
and below the zero layer line. 

Datticc planes perpendicular t o 
the C-axis will give no spots. 

The beams producing the spots 
of a ‘given layer line lie on a 
cone which cuts the cylindrical 
film giving rise to horizontal 
planes is given by 



1=2 


I = ! 

1 = 0 
Is I 
1 = 2 


Fig. 2 ’ 19. Layer Lines of a Rotation 
Pliolograph on Cylindrical Film 

lines. The spacing d of the lattice 


d = 


nA 

sin (j> 


where n is the number of layer line {1,2, 3, etc). The angle 

is found by the relation 


where e„ is the vertical distance of nth layer line from zero line 
and R is the radius of cylindrical film. 


the crystalline state 

Powder Method. This method v/as developed by Debvc 
and Scherrer. The sample in this method is in the powdered’ form so 
that the individual crystals are 
ver\' small and oriented at random 
The experimental arrangement is 
shown in Fig. 2-20 (a). The 
powdered sample is filled— in-.a 
thin-walled glass c apillary C A 
narrow beam oi monochromatic 
X-rays defined by slit S is allowed 
to fall upon the specimen in C 
The crystals in the sample will be 
present- in all possible orienta- 
tions.'' For each set of lattice 
planes of the crystal, there will be 
some angle g which satisfies the 
Bragg equation, hence some of 
the crystals will always have this 
orientation. Therefore, a diffra- 
cted beam will come out at appro- 
priate angle as shown in Fig. 2*20 
(<3). The cry'stalline particles 
which produce the diffracted 
beam must be so set that the 
glancing angle g is correct, but 
they may have any orientation 

aroend the direction of incident beam as axis. Hence the diuh^ef 
ra:-5 lie on a circular cone as shown in Fig. 2‘20 f&J. This o:ce 
intersects the cylindrical film surrounding the specimen k 
ofarc- or lines. When the film is unrolled, it gives th 
^ shown in Fig. 2' 20 (c). 



(CJ 

Fjs. 2-20 X-rsv ? c.yrirr 





Ci^liy done by halving the distance lx betweec^tve rm^^^- 
) f'n .i'r' % central spot. If the radius of the f 'i 


circumference It.t corresponds to s: 

--‘i - Ker.ce, 


X 

2r.r 


360 


b:e calculated from Eq. 

^ttree planes can be obta—sf hr. 


i 

-'r: 
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2-22 (a) is cut by three mutually perpendicular planes into eight tiny 
cubes and additional single carbon atoms shown as black circles in 
figure, are put in the centres of two upper cubes (front side right- 
handed»and back side left-handed) and two lower cubes {front side 
left-handed and back side right-handed), then the structure of 
diamond is produced as shown in Fig. 2*22 (a). _ The additional 
black circled atom in a small cube is in such a position that the four 
white circled carbon atoms at the corners of this small cube may 
be visualized to be located at equidistant corners of a regular 
tetrahedron as shown in Fig. 2*22 {b). If the lattice shown in Fig. 
2'22 (a) is extened in all directions, it is seen that black circled atoms 
also lie in a face-centred cubic lattice. Thus the space lattice of 
diamond may be visualized as two interpenetrating face centered 
cubic lattices. Each carbon atom is surrounded tetrabedrally by 
four carbon atoms at equal distances. The distance between two 
closest carbon atoms has been found to be 1*54 A, which is identical 
with C — C bond in ethane. Thus, all the carbon atoms in diamond 
are joined to each other by strong covalent single bonds. Hence a 
diamond crystal may be regarded as a single carbon molecule for 
which the term macromolecule is used. This accounts for the 
extremely high hardness of diamond. 

^ < 

\- Graphite. It crystallises in hexagonal system. A unit cell 
of graphite is shown in Fig. 2*23. The height of unit cell is 6*82 A. 
The space lattice of graphite consists of parallel layers of carbon 
atoms. The spacing between the layers is 3*41 A which does not 
correspond to chemical bond. Within each layer the carbon atoms 
are arranged in flat hexagons. The C — C distance within each sheet 



Fig. 2*23. Crystal Lattice of Graphite. 
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IS 1-34 A which is identical with that in anthrane. Wc can distin- 
guish two kinds of electrons in graphite. The c electrons form 
strong covalent bonds by sp^ hybridization in the sheet. The n ele- 
ctrons between the sheets arc delocalized and arc free to move over 
all the atoms imparting a high conductivity to graphite. The binding 
between the layers is much weaker giving a slippery and flaky nature 
to graphite. 


TEST YOUR KNOWLEDGE 

1. Give a term for each of the following : 

(/) SubsUinccts giving the same value of physical property in all direc- 
tions. 

(ii) Surfaces by which a crystal is bounded. 

(/«) Geometrical expressions of symmetry operations. 

(iv) The ratio of the intercepts that the unit face makes with crystallogra- 
phic .axes. 

(v) An infinitely c-xtended regular arrangement of constituent particles. 

(vi) Horizontal lines containing bright spots on a rotating crystal photo- 
graph. 

(r/iV) Lattices in which the particles arc located at the centre of each face 
besides those at the corners of the cell. 

2. Fill in the blanks : 

(fl) The crystallographic axes intersect at the 

(b) Tiie of parameters arc called the indices. 

(c) Two waves will be completely out of phase if their path difference 

is 

(d) A unit cell of sodium chloride consists of cubic lattice. 

(e) The diffraction of light will occur only if the spacing of the scattering 

centres is of the same order as the of light used. 

(/) There arc, in all, lattices that can be drawn in three dimen- 

sions. 

(g) A face parallel to any axis will contain at the appropriate posi- 

tion in its Miller symbol. 

(/)) A crystal may have cither or no centre of symmetry. 

(/) On an average a simple unit cell contains structural unit. 

ICEY 

1. (t) Isotropic substances l</) Faces (Hi) Elements of symmetry (iy) 

ratio (v) Space lattice (vi) Layer lines (vii) Face centred lattices. 

2. (a) origin (A) reciprocals (c) A.'i (<i) face-centred (<r) waseer.-; 

(/) fourteen (g) 0 (A) one (i; one. 

QUESTIONS 

1. Distinguish betsveen— 

(i) Crystalline and amorphous substances. 

(ii) Isotropic and anisotropic substances. 
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Define the terms : 

Faces, Edge, Interfacial angle. Solid angle, Forrn, Zone, Cry-stallographic 
axes, Parameters, Point group. Body centred lattice. Lattice plane. Glanc- 
ing angle, Macromolecole.' 

\Vhat do you understand by ‘symmetry.’ and ‘elements of symmetry' ? 
Explain 

(0 Plane, (//) Axis, and (lii) Centre, of symmetry. Show the various 
elements of symmetry in a cube with diagrams. 

What is a ‘Crystallographic designation’ ? Explain the following systems 
of crystallographic designation : 


(a) Parameters system of Weiss. 

(fi) Index system of Miller. 

Convert the following Weiss symbols of faces into Miller symbols : 

(i) a : 3b •. c, (ii) 2n : 6 : a> c, {Hi) 3a : 0*6 c 

[Ans. (i) (313), {ii) (120), (Hi) 


(103 )] 


What are the various criteria on the basis of which the classification of 
crystals has been done ? Describe fully the classification of crystals into 
crystal systems. -^3 '4-D'] 

Explain with suitable examples the ‘space lattice’ and ‘unit cell’ What are 
simple, face-centred and body-centred cubic lattices ? Give diagrams. 


Give the underlying principle of diffraction methods for crystal structure 
determination. Describe (i^ Rotating crystal, and (lY) Powder methods. 


Derive the Bragg equation and give the Bragg method for crystal structure- 
determination describing X-ray spectrometer. 

Describe the crystal structures of HaCl and KCl. How does the X-ray 
spectrum of KCl correspond to simple cubic lattice, whereas it actually 
consists of face-centred cubic lattice. 


IVhat arc ‘ionic crystals’ ? What is the evidence that the structural units in 
NaCI crystal are Na"^ and Cl" ions, and not NaCl molecule ? 

IVhat do you mean by ‘covalent crystals’ ? Explain the space lattices in 
the crystals of diamond and graphite. 

Give reasons for the following ; 

(/) A glass prism, though possessing elements of symmetry, is not a 
crystal. 

{ii) All crystals aro anisotropic, but those of cubic system are isotropic. 

{Hi) There arc eight structural units at the corners of a simple unit cell, yet 
a unit cell is said to possess only one structural unit. 

(/r) Diffraction will occur only if the spacing of the scattering centres is of 
the same order as the wave length of light used. 

(V) The diffracted rays in powder method lie on a circular cone. 

(li) The first order reflection from (111) planes in a NaCl crystal is weak. 

(nV) Diamond and graphite botu contain carbon atoms, yet diamond is very 
hard and graphite i.s soft. 

(v/iV) The unit face of gypsum crjstal cuts the three crystallographic a.xcs at 
unequ.al lengllis, c.eii then its Miller symbol is (111). 

CsCl crj’stallisesjivith body-centred cubic lattice, the unit cell of which 
contains one C.s and cne Cl- ion. If uhe density of salt is 3 97 gm/cc 
find the length of one edge of the unit cell. (Formula weight of CsCl^ies'd)’ 

[Ans. 4-13 A] 
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15. CalcuI.Ttc the longest wave-length of X-rays that can be itsed to determine 
the spacing of 1 A between lattice planes of a cry.'tal by Bragg method. 

[Ans. 2.\] 

IG. The reflection maxima from a set of lattice planes of ^—corundum for Kc 
rays of rhodium occur at the following angles for various orders : 

n 2 16 8 

Q 1-‘16' 3 '.32' 5' 19' /T.' 

Show that these data satisfy the Bragg equation. 

17. Cesium crystallizes with body centred cubic lattice, the unit cell of \\ hit. h 

contains one kind of ion at the centre and the other kind of ions located at 
the corners. What is the ratio of cesium to chloride ions in the unit cell. 
Explain. (Ans. i : I.J 

18. -Tlic spacing of (100) planes of KCIis3‘152 A. .At what angle would first 
order diffraction from these planes be observed if X-rays of svave length 

1’537 A are used. 

[Ans. 1) 7M 

19. CsBr crystallizes with body-centred cubic lattice. Calculate the length of u.s 
unit cell edge, if its density is-l-}9 gm/cc. 

(Formula wt. of CsBr is 212’01) [Ans. I J'J A) 

20. The characteristic Ko rays of Cr. Fc and Ni arc of wave icngtii 2-2909, 
1-9373, and 1-6591 A respectively. Find out (o) which of these rays can be 

used to determine a spacing of l.itticc planes equal to I .A and (h) what 
would be the largest value of Q. 
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Chemical Kinetics 


Introduction. 

Chemical reactions proceed with wide range of rates. Some 
reactions, for example, detonation of an explosive takes place almost 
instantaneously. Ionic reactions, involving no change in oxidation 
states, c,g., acid-base neutralizations, precipitation of AgCl, etc., 
also go to completion in a fraction of second. Some reactions such 
as tonic oxidation— reduction reactions in whicli the actual transfer 
of electrons, atoms, or group of atoms takes place arc generally 
slow. For example, reaction between permangnate and oxalic acid or 
HoOa, precipitation of HgoClj by the addition of SnClo in HgCi-j 
solution proceed with slow rates. There arc certain reactions, such 
as weathering of rocks and reactions in earth’s crust arc very slow 
and continue for several years. For all practical purposes it seems 
that no reaction is being taking place. It has been found that not 
only different reactions proceed with different rates but the rate of 
a particular reaction can be varied by varying the conditions such as 
concentration and temperature. Thus, it has become essential to know 
how fastly a reaction proceeds and what factors influence the reaction 
rate so that the reaction may be made to proceed under control, i.c., 
at any desired rate. Chemical kinetics embraces tin's problem and 
is defined as that branch of chemistry which deals with the rates of 
chemical reactions and their mechanisms. Now we shall discuss what 
arc meant by the rate of reaction and the reaction mechanism. 

Rate of Reaction 

The rate of a chemical reaction may be defined as jlie 
change in concentration of a reactant or a proddet per unit time. In a 
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chemical reaction the concentration 
of a reactant decreases and that of 
a product increases as the reaction 
progresses, as shown in Fig. 3*1. 
Accroding to the law of mass action, 
the rate of a chemical reaction 
depends on the concentration of 
the reactants. Since the concen- 
tration diminishes with time, the 
rate of reaction also diminishes. 
Hence, the reaction velocity .usually 
does not remain constant but 

changes with time as shown in 
Fig. 3'2. It is evident from the 
figure that in the initial stages, the 
reaction velocity decreases rapidly 

and then slowly and ultimately 
becomes negligibly smaller but 
never ^reaches^jzero because 
curve is asymptotic to the 1 

time axis. Theoretically this I 

means that the reaction will o 

take infinite time for its com- “ 

plction but in actual practice, 
the rate becomes negligibly o 

small after some time and for 
all practical purposes, the g 

reaction may be considered as or 

complete after that time. 

Since the rate is con- 
stantly decreasing, it is mean- 
ingless to talk about a general 
rate of a reaction. If Ac is 
the change in concentration 
of a reactant or a product 
in a small time interval At» 



Fig 3'1. Dependence of concen- 
trations of Rc.actnnts and I’rotlncts 
in a Clianiical Reaction on time. 



Fig. 3-2. Time Dependence of the 
Reaction rate. 


then the average rate of reaction, v during that interval is given by 


Since the concentration of reactants decrease and those of products 
increase, the concentration changes of reactants are taken as 
and those of products as pos itive . This sign convention is .so cho.scn 
that the numerical value of the rate of reaction always becomes a 
positive quantity. 

The true rate of reaction, v at a given moment can be obtained 
if we make At infinitesimally small. In the language of caF 
when At-^0, the above c.xprcssion converges to 
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V = 



...(3-1) 


Here, dt represents infinitesimal time interval and dc, the correspond- 
ing infinitesimal concentration change. ^The quantity dcjdt is known 
as the derivative of concentration with respect to time and truly 
represents the instantaneous rate of change of concentration at a 
given moment. To express rates of reactions, such time derivatives 
are used. 


Let us consider a simple reaction 

A-f-B — > C-i-D ••■{3‘2) 


The concentration of a substance is generally expressed either by 
writing the formula of the substance as the subscript of c or by 
enclosing the formula in square bracket. For example, the concen- 
tration of A can be represented as or [A]. Using Eq. (3T), the 
rate of reaction may be denoted by 

dc/i _ dCfl dcc dcp 

dt dt dt dt 


or V = -ffl. - ^ 

dt dt 'dt dt 


...(3-4) 


The stoichiometry* of reaction (3‘2) shows that the concentra- 
tions of A and B decrease at the same rate and is exactly equal to 
the rate at which the concentrations of C and D increase. 

Let us consider the following reaction : 

2A -> C+D (3-5) 

The Stoichiometry of this reaction shows that the rate of disappear- 
ance of A is twice the rate of formation of C and D. Hence, we 
can write 

V = ~ = ^tC] _ dfD] .3 g. 

■l dt "dt dT -AJOJ 

From this example, it is evident that the concentrations of the various 
species in chemical reaction may change at different' rates. Here, a 
question arises— Will the rate of reaction be equal to the rate at 
which the concentration of A changes or the rate at which the con- 
centration of C changes ? The answer to the question can be given 
by considering the following general reaction. 

0 A+ 6 B+... -> /wM+nN-h ( 3 - 7 ) 

The relation between the various derivatives can be written as 

_ 1 1 ^[B] _ JL_ dfMI __ 1 rf[N] , 

a dt b dt ~ m dt n dt 


*StoicInoiDctry is tlic qu.'intitativc weight relationships that arc expressed 
iiical CQuations. ^ 
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Here all the quantities are equal and hence any one of them can 
represent the rate of the reaction. Thus, the rate of reaction may 
he defined as the derivative of concentration with respect to time 
divided by proper stoichiometric coefficient and converted to a posh 
tive quantity. For example, in the following reaction ; 


The rate of reaction 


N2+3H0 -> 2 NHj, 

dr 3 dt 


1_ rflNHs] 

2 ' dt 


The rate may be determined by measuring the concentration 
change of either one of the reactants or one of the products at various 


times. The concentration is 
then plotted against lime. 
The rate of reaction at a 
particular instant can be 
obtained by the slope of the 
tangent drawn at that point 
in question. This gives the- 
instantaneous rate of rcactiotr 
at that particular moment and 
concentration. Fig. 3*3 shows 
two curves : {a) for the reac- 
tant A and {b) for the product-- 
C. The slopes dcjildt of curvb- 
{a) and dccldt of curve {h) at 
a particular time t give the 
rate of reaction at that lime. 
The value of dccldt will be 
negative and hence by putting 
a negative sign before it, the 
value becomes positive. 



Time Plots. 


There is another convenient w'ay of expressing the rate of 
reaction. Suppose the initial concentration of A is a. Let .v be the 
decrease in concentration of A upto time t. Then the instantaneous 
concentration of A at time /. i.c., c^ will be equal to {fl-.v). 

Hence, the rale of reaction at this moment will be 
_ dcj^ _ _ d (a-x) _ d^ ...{3-9) 

dt dt dt 

Thus, the rate of reaction may also be denoted by dxjdt, where .v is 
the decrease in the concentration of the reactant or the increase in 
the concentration of the product. 

The rate of reaction may also be defined by using variables in 
other than the conccntrr>tion.<;. For example, Jn case , of gaseous 
reactions. the reaction rates may be c.xprcsscd in terms of the chance 
■jh.'p.iriial pressure per unit time. Thus, the rate of the following 
reaction 
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H2{^)+l2(?) -*■ 2HI(g). 

may be given by 

_ dpH'. , -._£Ph t ^Phi 
dt dt dt 

Similarly in case of raccmization, inversion or mutarotation 
reactions, the rate is defined by the change in optical rotation. 

Measaremcnt of Reaction Rates 

The extent of reaction is a function of time and can be deter- 
mined by a number of methods. As already discussed, the reaction 
rate can be determined with respect to any of the reactants or pro- 
ducts. For accurate measurements, t he tempera ture of the , reaction 
must be kept constant., Tliis can be done by carrying out the reac- 
tion in a thermostat. Further, the measurement should be such that 
it should not disturb the course of reaction. 

The course of reaction can be followed by measuring the con- 
centration by chemical analysis methods (gravimetric or volumetric), 
or by noting the change in physical properties, such as refractive 
index, optical density, specific volume, specific rotation, viscosity, 
pressure in case of gases. /;H, electrical conductance, etc. 

For example, in case of the decomposition of NoOs in 
solution 

2No 06 2N02+02(g} 

the course of reaction can be followed by measuring the volume of 
Oo evolved from time to time. In the reactions involving the change 
in ionic species with time, the course can be followed by measuring 
the conductance at different times. Reactions in which coloured 
species are involved can be studied by measuring absorption of light 
from time to time. For some reactions such as hydrolysis of an ester, 
direct chemical analysis is possible. The progress of reaction in this 
case can be followed by withdrawing a small amount of reaction mix- 
ture from time to time and titrating the free acid by a standard alkali 
solution. Care should be taken that during the chemical analysis 
the reaction should not be allowed to proceed further to an appreci- 
able extent. This can be achieved by quenching the reaction 
which is defined as practically stopping the reaction by making some 
suitable alteration in the system. Generally, quenching is done by 
diluting the reaction mixture enormously with chilled water or some- 
times by simply cooling in a ice bath. The quenching procedure is 
based on the fact that by lowering-the temperature the rate of reac- 
tion is effectively decreased. 

The concentration or the physical property which is measured 
to follow the course of reaction is then plotted against time The 
rate of reaction at any particular instant can be determined by the 
slope of the tangent drawn at that point on the curve 



Factors Influencing the Reaction Rate 

From experimental observations it has been found that the rates 
of chemical reactions can be controlled by a few factors only. The 
most frequently encountered factors are : 

( i ) Nature of reactants, 

(// ) Concentrations of reactants, 

(Hi) Temperature, and 

(iv) Catalysts. 

At this place we shall discuss these factors qualitatively. This 
will form the background for the more specific and quantitative study 
later in the chapter. 

( / ) The chemical reaction occurs with the breaking of certain 
bonds and the formation of new bends. Jhc ratc of reaction, there-, 
fqr^^c,, depends on the specific bonds involvcd~an3 lichee bn the nature 
of reactantsT For example, the reduction of Mn04~ in acid solution 
can be done in the following two ways : 

(a) 5C2042--}-2Mn04'-Fl6H+ 10CO2-f2Mn="-{'8H2O 

• (6) 5Fe2+ + MnO^- -f 8H+ 5Fe3+V Mn3+ + 4 HiO 

The reaction (a) is slow and the reaction (b) is very fast. In 
these two reactions every thing is identical except the chemical nature 
of the reducing agent and hence it is responsible for the difference 
in the rates. The physical nature of reactants are also of importance 
in heterogeneous reactions where the rate depends on the area of the 
interface between the reacting substances. For example, in the com- 
bustion of wood, the rate of burning the wood in the form of log is 
quite different from the ratc.of burning of wood in the form of chips 
or saw dust. 

(ii) According to the law of mass action, the greater is the con- 
centration of reactants, the more rapidly the reaction will proceed. 
This is one of the fundamental concepts in the chemical reactions. 
We shall discuss the effect of concentration on the reaction rates in 
detail later in this chapter. 

(Hi) It is generally observed that the rise in temperature increa- 
ses the reaction rate. A quantitative relationship between the tem- 
perature and the reaction rate will be developed later in this ebspts:. 

(iv) Catalysts arc substances, which when added'to the res:- 
tion mixture, influence the rate of reaction. Their role is'not 
understood, A very small quantity of the catalyst is required 
remains unchanged chemically after the reaction has ended d ' 
example, a pinch of Mn02 accelerates the decomposition ofi’-''-* 
into KCl and Oo considerably and remains chemically inrcisa** 
after the reaction is over. 

Apart from these factors, the^nature of medium areV 
of radiations also influence the rates of chemical reacc. ' '' 
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Specific Reaction Rate 

According to the law of mass action, at a given temperature 
the rate of a single reaction step is proportional to the product of the 
instantaneous molar concentrations of the reactants raised to the 
power given by a numeral coefficient of their respective molecules in 
the stoichiometric equation that describes the process. Let us take 
a general reaction. 

aA+Z)B+cC4-... -> Products ...{3’10) 

According to the law of mass action. 

Rate of reaction o: [A]“ [Bp 

= /:[Ar [Bp [Cp... ...(3-n) 

where k is the proportionality constant and is called by various 
names, such as specific reaction rate, velocity constant, rate 
constant, or velocity coefficient. ^ The value of k depends on the 
nature of reacting substances and the temperature. Thus, at a given 
temperature, k is a specific characteristic constant for a reaction. 

If [A], [B], [C]... are equal to unity, the specific reaction rate 
becomes equal to the rate of reaction. The specific reaction rate 
of a reaction may, therefore, be defined as the rate of the reaction 
when the concentration of each of the reactants is unity. 

Dimensions of Reaction Rates and Specific Reaction Rates 


According to Eq. {3T), 

the rate of reaction = $- = __g hinge in concentration 
at Time taken tor the change 

= Cone Time“i ...(3T2) 

If the concentration is expressed in moles/lit and the time in sec then 
the units of rate will be ’ 

rate — (moles/lit) sec“i 


= moles lit"i scc~i. 

According to Eq. (3T1) 

rate of reaction ^^[Ap [Bp [C]®... 
or cone Time-i = k{concp (cone)*’ (cone)'... 
or k = (conc^i'(‘’+i+'-").' Tirae~i 

If the concentration is expressed in moles/lit and time 
the units of specific reaction rate will be 


...(3-13) 

...(3-14) 
in sec, then 


,. / moles \ 1— (o+i+c+...) 




sec~i 


...(3-15) 
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The Concept of Reaction Mechanism 

In the molecular view of matter, it is proposed that the molecu- 
les must collide for the reaction to occur. Thus, chemical reaction 
depends on the collision between the. reacting particles which may be 
.atoms, molecules, or ions. Due to these collisions, the rearrangement 
of atoms, electrons, and chemical bond takes place and as a result of 
this, new species (products) arc formed. A chemical reaction may 
occur in one step or in a sequence of steps. For example, the reac- 
tion between hydrogen and iodine to form hydrogen iodide takes 
place in one step : 

Ho-f-Io = 2Hr 

In this reaction, Ho and lo molecules approach each other, collide, 
and form HI molecules. 

On the other hand, let us consider a reaction between Fc-^ and 
HCr 04 ~ in acid solution. The net change is represented as 

3Fe2+a-HCr04- + 7H* -> 3Fc3++Cr3^ + 4 H 2 O 

From this equation it is evident that 1 1 ions should collide with each 
other simultaneously if the reaction takes place in one step. In fact, 
simultaneous collision betsvecn even four particles is highly improba- 
ble so what to talk of 1 1 particles. The chances of such collision 
will be extremely low and the reaction would proceed with extremely 
small rate beyond measuring limits. But this reaction occurs at an 
easily measurable rate. This can happen only if we presume that 
the reaction is occurring in a sequence of simpler steps which do not 
involve improbable collisions. Thus, many reactions do not follow 
the simple path and proceed through a number of steps. Each such 
step is called an elementary reaction or elementary process. 
The sequence of elementary reactions^ i.e., the reaction pathway, 
through which the overall reaction occurs is called a reaction 
mechanism. 

One should not try to predict a simple mechanism on the basis 
of a simple stoichiometric equation since sometimes it is misleading. 
For example, the following reaction 

Hc+Cio = 2HCI 

has simple stoichiometric equation but the kinetic study shows that 
this reaction is complex one and has the following mechanism : 

Cl., -V 2C1 
Cl-fHo-^ HCl-FH 
H-fCla,-* HCl+CJ 

The reaction involves the repetition of some elementary processes 
and hence follows the chain mcchanisnl. ^ 

When a chemical change occurs througli a .sequence of 
having different rates, the slowest step controls the rate ot ox - 
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jaction, and is called the rate-determining step. For example, 
le oxidation of gaseous hydrogen bromide at about 500°C is suppo* 


id to occur in three steps 


( i ) HBr-h^‘'-> HOOE^ 

...slow 

{ii ) HOOBr-f HBr 2HOBr 

...fast 

{Hi) HOBr-fHBr H 20 -}-Br 2 lx 2 

...fast 


4HBr-l-02 2H20'l-2Br2 


rhe reaction (i) being slow is the rate determining step. It is also 
onfirmed by the fact that equal changes in the partial pressures of 
IBr and Og produce the same effect on the rate. 


Similarly, the decomposition of N 2 O 5 occurs in three steps ; 


( i ) NoOfi - 

(ii ) N 2 O 3 - 

(/i/) NO-fNQps- 
2N2OS - 


NO+NO 2 

• 3 NO 2 

4N02"{'02 


...slow 

...fast 

...fast 


The reactiofi (i) being slow is the rate determining step. 


.(3-16) 


.(3.17) 


Wlien the stoichiometric equation for the overall reactions does 
not represent the correct nature of chemical process, the rate equa- 
tion should be formed by applying the law of mass action to the rate 
determining step instead of the overall stoichiometric equation. For 
example, in case of decomposition of N 2 O 5 , if the Jaw of mass action 
is applied to Eq, (3*17) then, 

The rate of reaction = k [N 206]2 


which is not correct. The correct rate expression can be written by 
applying the law of mass action to Eq. (3-16), which is the rate deter- 
mining step i.e., 

The rate of reaction = k [NoO^] 

Reaction Order 

The order of a reaction is purely an experimental quantity. 
We can determine the rate experimentally and find how the rate 
depends on the change of concentrations of individual reactants. The 
relationship between the experimentally measured rate of reaction 
and the concentrations of the reactants can be shown by an equation 
called the differential rate equation or the rate equation. Thus 
if the rate of a reaction is proportional to the first power of the con- 
centration of one reactant, then the rate equation is 

rate = kc 

such a reaction is said to be of first order. For example, the 
decomposition of N 205 is the first order reaction. The experimental 
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rate of this reaction is proportional to the first power of the concen- 
tration of N2O5, i.c., 

rate = kcn^Q, 

The second order reactions arc of two types : 

(i) The reactions in which the rate of reaction is proportional 
to the square of concentration of one reactant i.c., 
rate = kc- 

For example, the decomposition of hydrogen iodide 
2HI -> H 2 +I 2 

is the reaction of second order because the rale equation 
is 

rate = kc^ hi 

(//) The reactions in which the rate is proportional to the 
product of the first power of the concentrations of two 
different teactants, i.e., 

rate = kcp^CQ. 

For example, the formation of hydrogen iodide from hydr- 
gen and iodine 

H 2 +I 2 2HI 

is of second order because the rate equation is 
rate = kc^^, c/o 

This reaction is in fact first order with respect to hydrogen and 
first order with respect to iodine. 

Similarly, third order reactions arc those in wliich the rate is 
proportional to the three exponents of the concentration terms. For 
example, the reaction between nitric oxide and o\>gen, 

2NO+O2 -’■ 2NO2 

is of third order because the rate equation is found to be 

ratc=fcc*N0^o2 

The rate is proportional to square of the nitric oxide concer":'"* 
and to the first power of the oxygen concentration. 
reaction is second order with respect to nitric oxide and ’ 
with respect to oxygen. The overall order of this reacts'* ’ 

Thus, for a general reaction 

oA-f/tB-f cC-f -*• Products 

if it is found experimentally that the rate is rr-'*"' ' - 

power of the concentration of A. b th power of f-' , 1 ." 

c th power of the concentration C and so on. t'"' 
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which shows that the reaction is a th order with respect to A, b th 
order with respect to B, c th order with respect to C and so on. The 
overall order of the reaction u, is given by 
n = 

Thus, the order of reaction may be defined as sum of the powers 
to which the concentration terms are raised in the experimentally 
determined rate equation for the reaction. 

The order of a reaction should not be predicted from the 
stoichiometric equation for the reaction but the order with respect to 
each reactant must be determined experimentally. For example, the 
decomposition of N2O5 and N02 have the following stoichiometric 
equations of similar form : 

2 N 2 O 5 ■-* 4N02+02- 
2 NO 5 2NO 4- O 2 

But the experimental determination shown that the first reaction is 
of first order and the other is of second order. Also, in case of the 
following reactions : 

CH 3 CHO CH 4 + CO 
3KC10 -->■ KCIO 3 + 2KC1 

if we deduce the order from the stoichiometric equations, the first 
reaction appears to be of first order and the second one of the third 
order. But actual experimental determinations show that both the 
reactions are of second order. Thus, we see that the prediction of 
the order of reaction from the stoichiometric equation may lead to 
wong conclusions. 

The order of reaction is not necessarily a whole number, it may 
be fractional or zero also. For example, the thermal conversion of 
para hydrogen into ortho hydrogen is a reaction of the order of 3/2. 
The rate expression is 

rate = fc[p-H2p'2 

Such fractional order reactions are of complex nature. 

The order of reaction can be changed by changing the experi- 
mental conditions, 

' Molecalarity of a Reaction 

^ The concept of molecylarity of a reaction is used to show the 
molecular mechanism by 'which the reaction occurs. The term 
molccularity is used to-describc the individual elementary reaction 
and is defined as the number of molecules, atoms, or radicals that 
must collide simultaneously in order for the reaction to take place 
or in other words it refers to the number of molecules, atoms or 
radicals taking part in an elementary reaction. Thus, the reaction 
may be called unimolccular, bimolccular, termolecular etc., depend- 
ing upon whether one, two, three or mere molecules, arc participating 
in the elementary process. As already discussed, since the simul- 
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taneous collisions of four or more molecules are highly improbable, 
the elementary reactions of higher molecularity are very rare. 

In general, for elementary processes, the order and the mole- 
larity are the same. Thus, a unimolecular reaction is of first order, 
a bimoiccular reaction is of second order, and a termolecular reaction 
is of third order, but it is not always true. Let us take following 
reaction 


CHsCOOCaHs+HoO -h- CH3COOH f C2H.-,0H 

Suppose one of the reactants,. say watcr^ is present m large excess so 
that its concentration docs not change appreciably during the course 
of reaction, ’ Then jhei-rate equation will not involve this concen- 
tration term and rate will be proportional to the first power of the 
concentration of cthj'l acetate. Thus, the order tit this reaction will 
be one, but since two molecules are reacting m tlu'' elementary reaction, 
the molecularity will be two. Such a reaction is called pseudo 
unimolecular reaction. 

If the reaction is complex one and involves a number of 
elementary steps, it is meaningless to speak ot the molecularity of 
the overall reaction because one elementary step may involve two 
molecules and another may involve only one molecule. 

Jv One should have a clear dislincji on between the o rder and the 
^molecularitx^ ThcordCMs_an_£MieMieiH.S3uamn^ia5T'exp^s^ 
tlnr "dependent of^tiic rea ctli^ .^^'LTilSJ-lt^Sggntx atiQns nf 
rcactiTig subs(aiLCCs__whilc tl ic nioree nj^irity^ ^ appli es to the tlienrpf fpf 
m ^ISTuimThowing the nuiubeTj-'J nioiecujes_jnyojjvf ng p? ,. 
me ntary reaction! ThcTmoIccularity rcl^s- to cadL-eje men tary y ?e~ . 
in a ch.cm.ic al reaction wl iiiTtliCpfu^'*' '1“ eel.ued ohse .-*- 

abl e rcactiol iTTurthcr, the order ra-P be integral, fra ctional cr r er.' 
but the molecularity is .alvvayTTpOsnive integer and is never zere. 


Homogeneous and Heterogeneous Reactions 

From the kinetic point 01 view, cae reactions are 
two classes, yi:. bomogeaeoas reactious, and 
reactions. Homogeneous reactions ere those 
occur entirely in one p/i^se. ix., e.taer ir. the gas phase cr-.'.'" 
Heterogeneous reactions jre t-U'se ^'hich ccao'jo"': ■ 
between two phases. Rpouor.s :aA:ng place ar .'t-.’.-- 
catalyst or on the 'val/s 01 the ecct^o-cr, are heserage;---' 

Tliis chapter is devoted to sae ctineDcs cfih'rr':-* , 
as the kinetics of heterogeneous 'eucztcn.s Is 
book. Now, we shall study :s:e aaaaimtfve ' 
kinetics ofhomegenejus reac;:ca> casm h, 
order. ■ 
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First-Order Reactions 


A first order reaction is defined as one in which the rate of 
the reacljgn is proportional to the first power of the concentration 
of the reactant. 


A general reaction of the first order can be represented as 
A -> Products. 

The differential rate equation for this reaction is 
~dcA , 

~~dt ...{3-18) 

where C/s, is the concentration of reactant A at any time t and k\ is the 
specific reaction rate of the first order reaction. 

Let a molcs/litrc be the initial concentration of A. Suppose x 
moles/litre of it have been decomposed upto the time t. Hence, at 
time r, the concentration of A, i.e., Cfi,={a — x). Putting this value 
in Eq. (3' 18), we get 


or 


dx 

dt 


= kx(a-x) 


...(3-19) 


(a-a;) ^ ...(3-20) 

Knowing the fact that at the start of the reaction /==0 and 
x=0 and when t—t, x=x, we can integrate Eq. (3'20) within these 
limits and obtain 


• 

rx=x dx rt = t 

J x = 0 o-x "" J t=0 

kxdt 


or 


t=t 

r = 0 


or 

-In (a-x)+]n a — kxt 



or 

In— kxt 
a-x ^ 


...(3*21) 

or 

2*303 logloJ^=^'lf 


...(3*22) 

or 

. 2*303 , a 

...(3*23) 


This is the integrated rate eqDation=^ for the first order 
reaction and is commonly known as kinetic equation for the first 
order reaction. Other forms of the equation are as follows : 

(/•) Wilhelmy’s equation for the first order reaction. Eq* 


♦The integrated rate CQnntlon shows ilic dependence of tiic reactant con- 
centration on time, wlicrcas ilic differential rntc equation sliotvs the dependence 

of rate of reaction on tlic concentration of the reactant. 
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(3'23) can be written in another form. Let Co be the initial concen- 
tration of the reactant and c/ be the concentration at any time /, 
then fl=Co and a-.x=c/. Substituting these values in Eq. (3*21), 
we obtain 


or 


or 


In- 

ez 

In^ 

Co 

C't 

Cn 


= e 


kit 

'kit 

-k,t 

-k,t 


Ct — CoC ...{3-24) 

This is known as Wilhelmy’s equation. 

(//) Interval Formula. If the initial concentration of A is 
not known then the interval formula can be used to calculate the 
rate constant ki. The initial concentration of the reactant is elimi- 
nated in this formula. Let ati and Xn be the amounts decomposed 
upto the time and /« respectively. Using Eq. (3’22), we can 
write 

, 2-303, a 

ki .vj 

j 2*303, a 

and to = -j:: — logjo 


"Vo 

Subtracting Eq. (3-25) from"Eq. (3-261, we get 

2-303/, a , „ 0 \ 

= -losw^ ) 


...(3*25) 

..(3-26) 



or fo-rj 


or 


303;, a-xi 
A' W fl-.v-fl 

'-'303 


-log 


fl-.V 


to~.{i"^^^a-xo h-h 


, 2-303, „ Cl 
i = __ logio-r 

C2 


...(3-27) 

...(3-2S) 


where Cj and Cj arc the concentrations of the reactants at times /; 
and tg respectively. 

Graphical representation of a First-order Reaction 
From Eq. (3-23), we can write 
^ 2-303 a ~ 


9 

This equation shows that when logio 


a-x 


■is plotted 


a straight line passing through the origin is obtained 
positive as shown in Fig. 3‘4 (a), Eq. (3*29) can a' ' 
as : > 

. 2-303 , ' , , 2-303 , 

t =, — logio(a-.v) + -rr- logiQ a 

Aj A-i 



PHYSICAL CHEMISTRY 


,82 

This equation shows that when logio(fl-^)is plotted against /, a 
straight line with negative slope is obtained as shown in Fig 3*4 (&). 




Fig 3'4. Graphical Representation of a First-order 
Reaction. 


A Straight line may be obtained if logio - — — is plotted against 


I 2 - as is evident from Eq. [3‘27). 


a-Xi 


Half life Period of First-order Reactions (fj). It is the 
time required for the decomposition of haif of the original subs- 
tance. Thus, if r=ri then .x=fl/2. Putting these values in Eq. (3'29), 
we get ^ - 

2-303, a ’ 2-303, „ 

4 = -T-logio;;z::TT'=-T— iogio^ ^ , 


or 


ti = 


/vi 
0-693 


-a/2 ^ ki 


k 


1. 




Eq. (3-31) shows that the half life period of a first order reac- 
tion is independent of the initiai concentration. This is true for the 
decomposition of any fraction of the change, for example, ifta 

is the time required to decohipose 3/4th of the original concentration 
of the reactant, then when .v=3/4 a. Putting these values 

in Eq. (3-29), we get 


la. — 


2-303 


log 



2-303 


/ti 


log 4 


...(3-32) 


which shows that tj is independent of initial concentrations. 


Hence, wc can generalize that in first order reactions the 
time required to decompose any definite fraction of the initial con- 
centration is independent of the initial concontration. 

kx = Timc'i 


...(3-33) 
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The units generally used arc scc'i, min-i and liour-i. Since Eq. 
(3*33) contains no concentration terms, the change in the concentra- 
tion units will have no effect on the value of A'l. 

Summary of the characteristics of First -order Reactions 


dx 


(i) Differential rate equation : (a—x) 


(ii) Integrated rate equations : k, 


•2-303 


cf 


'C.c 


i 

~k,r 


log. 


o— x 


2-303 


o— xt 


logic 


(rii) Graphical representation ; The plots — (a)log,o 


vj. I, (h) log,. 


(a—x) vs t, (c) Iog,„ ——vx. ft,— f.) give straight lines. 


(iv) The half-life period or the time required to decompose .any fraction 
of the initial concentration of the reactant is independent of its ini- 
tial concentration. 

(, v ) fci has dimensions of Time""' and the change in concentration units 
h.-is no effect on the value of k,. 


Example 1. The rate constant of a first order reaction is 
6'2xl0~^ scc~i. Calculate the rate of the reaction in (i) mole iit-t 
sec't, {ii) mole lit'i min~t, {Hi) mole cc~^ mitr^ and {iv) mole 
cc"! yetri when the initial concentration of the reactant is 0-4 mole 
lit-i. 

Solution. (/) We know that 
rate A'.c 

Here A", = G 2x 10“-^ scc~l 
and c O'd moles lit“1 
rate G-2X IO“<XO--5 

^ 2-‘!8x lO'*^ mole lit~1 scc"1. 

(/■/) rate in mole Ut~^ 

Since 1 min GO see 
or I scc-t 60 min“l 
.-. rate = 2--18X lO'itxCO 

1-188X 10“' mole lifl min“l. 

(///) rate in mole ec~^ min~^ 

Since 1 litres-: lOCK) c.c. 

1 

or I ht“1 


loot) 


ec“i 


1 


rate 


^--itjaxio— “x yqqq 


--■M-88x!0“’ mole cc“t min“t. 
(ii) rate in molo ec”! .Tfr"l 
rate r-. 2-i8xI0“-:x4*»^ 

.=• 0-2-58x10“' mole cc“l sec'L 
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Example 2. A first order reaction is 40% complete in 50 
intiies. Calculate the value of its rate constant in hour~^. What 
the percentage of the reactant that would remain unchanged at 
e end of 2'5 hours ? 


Solntlon. 

We know that 

i 

k,_ ^ log.c 

Here 

• 50 . 

t — 50 rom = -g^hour 


X = 0-4 fl 


, 2-303 , a 

""50/60 fl— 0 4fl 


2-303x60, 1 

"" 50 0-6 


0-6120 hour-1 


In the second case 

fc, = 0-612 hour"1 

t = 2-3 hours 

„ 2-303 , a 

... 0-612 =-^log.o-_— 

, a 0-612X2-5 
or bg.o.,-—- 


-=0-6649 


or 


. = 4-623 


a 

The fraction left unchanged after 2-5 hours is 
o— X 1 
a “4-625 


= 0-2163 


Percentage of the reactant left vmchanged after 2-5 hours 
=21-63%, 


Examples of First-order Reactions 

(fl) Gaseous Reactions. There are numerous examples of 
lomogcneous gas-phase first order reactions, such as thermal decom* 
position of nitrogen pentoxide, acetone, azomethanc, azoisopropanc, 
;(hyl amine, paraldehyde, ethyl bromide, nitrous oxide etc. We shall 
lake the following example in detail : 

% 

Thermal decomposition of azoisopropanc: The dccompo- 
jition of azoisopropanc into nitrogen and hexane, takes place accord- 
ing to the equation 


(CH3')2CHN=NCH (CHsla No-kCcHia 

The progress of the reaction can be . followed by measuring the 
pressure at different time intervals. Let Po be the initial pressure 
of azoisopropanc. and P be the total pressure of the reaction 
mixture at any time r. Suppose, at time i, the partial pressure 
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of azoisopropane, nitrogen, and hexane arc Pa. Ph: and pc.hm respe- 
ctively, and the decrease in the pressure of azoisopropanc is x. 
Then, 


-(0 


\ Pth ~ J* C.Hm 
and = p^-x 

The tothl pressure of the system is given by 
P ~ Pa+Pnj + Pc.hm 
= Po— Y-f.v-h.r 
= P o+A' 

or .V = (P—Po) 

Substituting this value of .y in Eq. {//), uc get 
Pa = Pc-P+P. = (2Pn-P) 

Since Po is the intitial pressure of azoisopropanc, it is propor- 
tional to a in the Eq. (3*23), and pa at time r is proportional to 
{a—x), hence we can write 


.{'77) 


*k^ 


2-303 , P„ 

— 't — — 

f Pa 


Putting the value ofpA from Eq. {Hi), we get 

Pc 


, 2-303 , 

fci= — ; logjo 


t (2Po— P) 

Example 3. The following data were obtained for the 
decomposition of azoisopropanc at 270’C. 

Time {min) 0 3 6 9 12 

Pressure {mm Hg) 35' 15 46' 3 53'9 5S'S5 62' 2 

Show that the reaction is of first order. 

Solution. Tlic rc.iction will be of tlic first-order if tlic yolucs of t!ir 
velocity const.nni obi.iiiicd by the following; cqu.ntion show ;i fair det-rer of 
const.Tncy : 

Po 


Here 

t 

(min) 

.3 

(i 

9 

12 


, 2-303 , 

A',- , logic 

;-35-ir) mm Hg. 


■iPo-Pt 
(mm Hg) 

70-3— 1G-3t=2.!-0 
70-3-53-9r-lG-t 
70-3— 50-83 -r-. 11 'ij 
70-3-C2-2=.^ 15-1 


2-.303 , Pq 


2-303 

■'■3 

^3M 

t) 

2-303 


y 

2-^3 

12 


logic - 
logic 
logic 


logic 


35-1^ 
" 2t 
3.7-15 

ioT 

35-15 
11 -i5 
35-1.5 
ii-1 


-A, min“' 
-0-1272 min-’ 
" O' 1205 min~' 
01 2-52 min-' 
- 0 1210 min-' 


A r.air const.-incy in the v.-ilne of A, shows (h.at the rearlio'i n o! 


order. 
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{b) Reactions in Solution. Out of a number of first-order 
reactions in solutions we shall describe the following reactions only z 
(1) Conversion of N-chloracetanilide into j 5 -chloracet- 
anilide. This isomeric change takes place in presence of HCl which 
acts as a catalyst. 


Cl 


H 


HCl 


N— COCHg ». Cl— N— COCH 3 

N-chloracetanilide p-chloracetanilide 

This reaction is of first-order. The progress of the reaction can 
be followed by withdrawing a definite quantity of reaction mixture 
different time intervals, adding to excess of KI solution, and titrat at 
ing the liberated iodine with standard hypo solution. The iodine 
is liberated according to the following reaction ; 

CcH5NClCOCH34-2ia — > CgHsNH COCHg-f HCl-i-l 2 
N-chloracetanilidc liberates iodine from the KI solution while 
p-chloracetanilide remaining unaffected. Thus, the volume of hypo 
solution used in titration at any time t, corresponds to the amount 
of unchanged N-chloracetanilide at that time. 

Example 4, From the following data, show that i he conversion 
of N-chloracetanilide into p-chl or acetanilide is a firsuorder 
reaction : 

Time (hours) 0 12 3 4 

N 20 J4-4 10-4 7-4 5-6 

where N is the number of ml of hypo solution required for titrating 
5 ml of the solution mixture in excess of KI solution at different 


time intervals. 

Solution. \Vc 
reaction is 


know that the kinetic equation for the first order 


k, 


•i-303 


logic 


Here, the volume of hypo solution corresponds to the amount of N- 
cWoracclanilide present, hence a may be taken equal to 20 ml and (a—x , at 
different times, may be taken equal to 14-4, 10-4, 7-4 and 5-6 ml. 

Substituting these values in the above equation, we get 


2-303 



=0-3285 min~1 


= 0-3271 min-1 


=0-3315 min~1 


k, = 

A fair constancy 


4 

in the 


7-4 
20 
5-6' 

values of k, shows that 


log, 


=0-3182 min-1 


the reaction is of first- 


order. 
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2, Inversion of cane sugar. Wilhclmy, for tijc first time 
studied the rate of inversion of cane sugar in presence of dilute acids 
which act as catalyst. The equation for the reaction is 

tin HCl 

CiaHojOu + HoO Cf, Hj2 Oo + Cf, Hjo Oc 

Cane sugar Clncosc Fructose 


The solution of sucrose is dextro-rotatory and its specific 
rotation is -f 66'5°. On hydrolysis, in presence of dii. HCl, it gives 
a mixture of equal amounts of glucose and fructose. Glucose is 
dextro-rotatory with specific rotation of -f52'7° and fructose is laevo 
rotatory with specific rotation of— 92‘4°. The mixture of equal 
concentrations of glucose and fructose in thus lacvo-rotatory. This 
process in known as inversion of cane sugar because the optical 
property is inverted i.c., dextro behaviour changes to leave 
behaviour. 


The progress of the reaction can be followed by measuring the 
change in the rotation of the plane of polarisation of polarised light 
by means of a polarimctcr. The change in the angle of rotation is 
proportional to the amount of sugar inverted. 


Suppose the initial reading of 
the polarimctcr is 0o, the final reading 
Is and the reading at any time 
r is Ot, as shown in Fig. 3’ 5. The total 
change in the angle of rotation at the end 
of the experiment, i.c., {Qo—6c:) be 
proportional too, the initial concentration 
of cane sugar, and (0, — 9^ ) "'hi be 
proportional to {a — .v), the amount of 
unchanged sugar. Hence 



ki = 


2.3p 

t 


logio 



2-303 

r 


logio 


Gt -0CC 


Example 5. The optical rotations of sucrose in presence of 
dilute HCi at various times are given below : 


Time {min) 0 20 40 60 SO 

Rotation {degress) -f]3‘0 -f9'P5 +7-45 ■i-5-4 i-3-7 — ^ 

show that the reaction is of first-order. 


Solution. We know th:it 

A',- 


Here Qc 


[13 0 -(— 1 - 0 )} - 17 0 . 
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The value of kt at different given times in calculated as under : 


Time 

8t— 8co 

2-303 8o-8® 

/ ’°®'“8,-8„ 

(min) 

(degrees) 

20 

40 

9-95-(— 4-0) = 13-95 

7-45— (—4-0)= 11-45 

2-303 , 17 

20 13-95 

2-303 , 17 

40 11-45 

60 

5-4— (—4-0)= 9-4 

2-303 , 17 , 

60 9-4 

80 

3.7_(_4-0)= 7-7 

2-303, 17 „ 

80 7-7 


(min”') 

=9'881xl0-' 


=9-874 X 10”' 
=9-874x 10-> 
=9-900 X 10-' 


A fair constancy in the values of A", shows that the inversion of sucrose is 
of first-order. 


3. Hydrolysis of an Ester. The hydrolysis of an ester, 
e.g., ethyl acetate catalysed by H+ ions, takes place according to the 
equation 


H+ 


CHgCOOCgHB-i-HaO — > CHsCOOH+CgHfiOH 


As already discussed this reaction is of first-order because water is 
present in large excess. The progress of the reaction can be followed 
by N\ithdra\ving a definite amount of the reaction mixture at different 
times, quenching, and estimating the free acid liberated by 
titrating against standarnd alkali. The final reading is taken after 
24 hours when it is supposed that the reaction is over. Let 
and Fq be the volumes of standard alkali used for a definite quantity 
of reaction mixture at the commencement of the reaction, at any 
time r, and at the end of reaction respectively. Then — V^) 
will correspond to the initial concentration fl and — Fj ) will 

correspoud to (a — .v) at time r. Hence 




^03 

t 


logio 



Example 6. Ethyl acetate was subjected to hydrolysis in excess 
of dil. HCl at 23°C. 5 cc of reaction mixture iiw withdrawn at 

different interval of time and, after quenching, titrated with 
standard NaOH solution. The following results were obtained : 

Time (min) 0 40 SO 120 160 ^ 

Volume of NaOH (ml) 18- 5 20-7 22-6 24-2 25-6 34-8 

Show that the reaction is of first-order. 


Solution. The rc.iction will be of first-order if the 
times, obt.'iincd by the following equation show constancy. 


values of k, at different 


A',= 


2-303 


logio 



Here — I'o ~ 34-8 — 18-5 = 16-3 ml. 
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Tlic values of A'l at different given times arc calculated as under : 


(mm) (ml) 

'50 S'l-e— 20-7 = 14-1 

80 34-8— 22-C .=• 12-2 

120 31-8— 2-1-2 = lOG 

160 34 8— 25-G = 9 2 

A fair constancy in the va 

order. 


2-303. 

■■ (min~') 

2-303 lG-3 

•10 ‘“Sto 14.1 

= 3-62Cx]0-> 

2-303 lG-3 

g0’'°S’ic 52-2 

^ 3-621 xlO-» 

2-203 16-3 

120 IQ.g 

>= 3-507X 10-' 

2-303 , 16-3 

IbO 9 2 

^ 3-57GX10-' 


of k, shows that the reaction is of first- 


4. Decomposition of HoOo in aqncous solution. In pre- 
sence of finely divided platinum, hydrocen peroxide decomposes in 
aqueous solution according to the following equation : 


H0O2" tHoO-l-iOo 

The progress of the reaction can be followed by any of the following 
methods : 

(/ ) By measuring the volume of Oo evolved at dificrcnl inter- 
vals, or 

(ji) By withdrawing a definite amount of reaction mixture at 
different intervals and estimating the amount of undecom- 
posed hydrogen peroxide by titrating with standard 
KMn 04 solution. 

Tlic second method being convenient is usually used in the 
laboratory. 


Example 7. The decomposition of hydrogen peroxide iiw 
studied by titrating a definite volume of reaction mixture, at diffe- 
rent intervals, with KMnOji and the following data were obtained : 

Time {min) 0 10 20 30 40 

Volume of KMnOi {ml) 12.5 9.9 7.S 6.1 4.S 

Show that the reaction is of first order and determine its rate 
constant. 


Solution The reaction will be of the first-order if the v.alucs of k, obt.ai- 
ned by the following equation .arc fairly constant : 


k, 


2 303, 

~-J- It'S!- 


a 

a—x ' 


Here, the volume of KMnO. solution used .at any time correspnndr to the 
conccntr.ation of undecomposed H.O,. Hence, the volume of KMnO, u*'^ at 
f - 0 corresponds to the initial concentration a and at time t corresixinds to (o— v;. 
Putting these values in the above equation, we get 
2-303 l^fi 

kx jy lvg,s g.y" 


2-107X lO-'min 
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■>•^01 !2‘5 

/:-, = =4rI°S’'> — 8 = 2-405xl0-»inin-’ 
0.303 l‘^-5 

~ ~ 2'394x 10~'min“’ 

2-303 12-5 

A-, = •^y-logio -^Tg = 2-398 Xl0-=mm-’ 


A fair constancy in the values of A, shows that the reaction is of first- 

, f, (2-407+2-‘*054-2-394+2-398) X 10-* 

The average value of A, — ^ = 

— 2-401 X lO-'inin”' 


5 . Decomposition of NH 4 NO 2 in aqueous solution. On 

warming, the aqueous solution of ammonium nitrite decomposes 
according to the following equation ; 

NH4NO2 j- 2H2O+N2 

The progress of the reaction can be followed by measuring the 
volume of nitrogen gas evolved at different time intervals. Suppose, 
is the volume of No evolved at any time r and is the total 
volume of No evolved when the reaction is over, then y^ corres- 
ponds to the initial concentration a and ( — V( ) corresponds to 

the concentration (u— x) at time r. Hence, we can write 

2‘303 Fco . 

h = , lOS.0 


Example 8. From the following data show that the decom- 
position of ammonium nitrite in aqueous solution is a first-order 
reaction : 

Time {min} 10 20 30 40 

Volume of N 2 {ml) 12.5 22.8 31.2 3S 2 7^J 


Solufion. Tiie reaciion will be of the firstordcr if the values of A, obtained 
by the following equation arc fairly constant : 

“■ / • 

Here = 70-1 ml 

The values of A, at difTcrent given times are calculated as under : 
Time 2-303 J/ r 

10 70’ 1—12-5 1= 57-0 —303 “0-1 

® ltr'‘>e>» 57:6= '■904X10-- 

70-1—22-8 = 47-3 


2-303 

-ar'°S' 


^ 1 -960X10-' 
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30 70-l-31-2=38-9 ^=1-963x10-' 

40 70-l_38-2=3I-9 log., 1-9.58 x 10*^ 

A fair constancy in the values of k, shows that this reaction is of first- 

order. 

We have discussed quite a good number of examples of first- 
order reactions in gas-phase and in solutions. The following cate- 
gory of re3.ctions is also of first order. 


Disintegration of Radioactive elements. The radioactive 
disintegration is also of first-order. For a radioactive change 

A * Products 


the specific reaction rate is given by 


, 2-303 , 

ki = — logxo ^ 


where and A’i are the number of radioactive nuclei at the begin- 
ning and at any time r respectively. The course of change can be 
followed by measuring the radioactivity of the substance at different 
intervals of time. 


'-I^cond-order Reactions 


A reaction is said to be of second-order if its rate depends 
on the square of concentrations of one substance or to the product 
of first power of concentration of two substances. The possible 
general reactions of second order can be represented as 

A-hA > Products ...(3-34) 

A-fB- — > Products ...(3-35) 

There exists two possibilities : 

(i) When a reaction involves a single substance only or involves 
two different substances with equal initial concentrations. 

Suppose a moles lit~i is the initial concentration of A in reac- 
tion (3*34) or A and B each in reaction (3-35). At any time t, let .t, 
moles lit"i have been converted into products. The differential rate 
equation is given by 

^ = fco{a — x)(a — x) = ^'o{o — x)"^ ...(3 36) 

where is the specific reaction rate for the second-order reaction. 
On rearranging Eq. (3*36), wc get 

Knowing the fact that at the start of the reaction / = 0 and 
x=0andat any time t, /.c., when r = r, x=x, we can integrate Eq. 
(3-37) within these limits and obtain 
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Jx^C 


dx 


or 


0 {a~xf 

[=r 


dt 


or 


x^o 
1 


I fcoi 

jt=o “ 




-X 


or 


a 

1 = 


or 


kn = 


kz(a 

~X) 


1 

X 


^2 

a(a— 

■X) 

1 

X 


~t 

<3(0— 

-X) 


1 

k-ia 


...{3-3S 

...{3-39; 


...(3-4C 


This is called the integrated equation for a second-orde 
reaction, 

(if) When the initial concentrations of A and B are unequal. 

In this case, suppose the initial concentration of A is o mole 
lift and that of B is 6 moles lit“3 and at any time t, x moles lin c 
each have been reacted. Then, the differential rate equation will be 

k2ia~x)(b-~x) 


dt 

On rearranging, 

dx 

{a—x)[b—x) 
By partial fractions, 

1 


...{3-41 


kndt 


...(3-42 


(fl— x)(5— X) {«• 


l-f _J_ — -J 1 ...(3-43 

~b)l[b—x) (a—xU 


Substituting in Eq. (3-42), we get 

, — ^rrr-~ — — ^ — Idx = kzdt 

{a~b)Ub—x) (a—x) J 


...(3-44 


Integrating the right hand side of Eq. (3*44) between the limit 
/=0 and t~t and the left hand side between the correspondin 
limits x=0 and x—x, we get 

1 


(fl 


i, f'-T ■ 

—b) j .v=oL(6— x) (fl— x)J j t=Q 


or 


a~b 


[■ 


,(6— x) [a 

-ln{h— x)+ln{o— x) j' 


"]Xt=X 

x=0 


or 


1^— ln(h— x)4-ln(a— x)4-ln b— Inalt^fc^r 




or 


J 

. b[a—x) 
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or 

2-303 , b{a-x) , 

/ n— logic -Tu r =^'2^ 


or 

, 2-303 b[a—x) 

k2{a-b) a{b — x) 

...(3-45) 

or 

, 2-303 , b{a-x) 

t{a — b) a(b — x) 

...(3-46) 

Interval formula. If xi and X2 are the concentrations of 


wv/xx V wi bwu ^lAruUV’bO kiiiiw » uuv 

then from Eq. (3-39), we can write 

t 1 _ 1 

^ k^{a-x{) k^a 

j . I I 

2 - k2[a-X2) k^a 

Subtracting Eq. (3‘47) from Eq. (3’48), we get 

, ,, = ir_i _i 1 

^ ^ ^2L(«-^2) («-^i) J 


...(3-47) 

,..(3-48) 


...(3-49) 


or 12-/1 = ^ , -(3-49) 

k2 {.a~X2) {a-xx) 

Graphical Representation of Second-order Reaction 
From Equation (3*39), i.e., 

r=__l !_ 

k2[a-x) k2a 

it is clear that a plot between — ^ versus i will be a straight line 

^ a — x 

with positive slope as shown in Fig. 3 6 (o). 

From Eq. (3*45), i.e., 

, 2-303 , b{a-x) 

k 2 {a-by^^'^° a(b-x) 

it is evident that a plot between -i, login ^77 — ^ versus t 

a-o 0(0— X) 

will be a straight line passing through the origin as shown in 
Fig. 3-6 (h). 



Time— f Time — 

(o) - - (b> 


Fig. 3‘6. Graphical Representation of a Second-order Reaction. 
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Half-life Period of Second-order Reactions 

= then x — ajl. Putting these values in Eq. (3-40), 

we get 

1 all 
kza a -all 

or 4 = ,- ■ -{3-51) 

k^a 

This equation shows that the half-life period of a second- 
order reaction is inversely proportional to the first power of the 
initial concentration of the reactant. 

Units of kz- The dimensions of k^ can be obtained by putting 

fl-fb-fc-f «=> 2 in Eq, (3'14), 

kn = Conc“i Time"! ...(3'52) 

If the concentration is expressed in terms of moles/litre and 
time in seconds, then the units of k^ will be 

^2 = ri!!£!E*1 sec"! = lit mole"! sec"i. 

L litre J 

The change in the concentration units will change the 
numerical value of the constant. 


Summary of the Characteristics of Second-order Rcaetions 
(/■} Diffcrcntiai rate equation : 
tlx 


dt 


'=A2(a-.v)2 or A'2 (fl-.v) {b-x). 


(//) Integrated rate equations : 

J_. a: 

t fl(o — X) 


k2 ‘ 
k2- 

/2— ti 


2-303 


log 1 1 


b[a —x) 
a(b — x) 


t(a~b) 

. _L Xt-L.V, 

' k2 {a—x.){a—x,) 


{HI) Graphical representation. The plots — versus t. 


and ( 2 ) ^log 


b(a — .V) 

10 versus t are straight lines. 


(ir) The half-life period, /J a — * 

(vj kt has dimensions of Cone"' Time"' and the change in concentration 
units will change the numerical value of A:,. 


Example 9, In a second-order reaction, the initial concentra- 
tion of the reactant is 0-1 mole I in. The reaction is found to be. 
20% complete in 40 min. Calculate U) the rate constant, (//) half- 
life period, and (Hi) time required to complete 75% of the reaction. 
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Solution. We know that for a second-order reaction 

^ 

^ t a(a — X) 

Here ■ o = OT mole lit"' 

X = 20% = ^ X 0-1 == 0-02 mole lit-' 

t ~ 40 min 
_ 1 . 0-02 
' 40 0-1 xt,0- 1—0.02) 

= 0‘0625 lit mole—' min—'. 

(i7) We know that the half-life period of a second-order reaction is 


Here 


i /CjO 

o = 0‘1 mole lit—' 


Aj = 0'0625 lit mole-' min-' 


'i 0- lx 0-0625 


160 min. 


(i77) For calculating the time required for the completion of 75% of the 
reaction we can use the formula 


Here 


and 


t = 


A2(7 (U — -V) 
O'l mole lit”' 


X = 75% = a = ~X0-1 
100 100 

= 0-075 mole lit-1 

A, = 0-0625 lit molc-Lmin-1. 

, 1 0-075 


0-0625x0-1 

0-075 


‘(0-1—0-075) 


■“ 0-0625 x 0-1x0-025 
= 480 min. 


Examples of second-order Reactions 

(a) Gaseous Reactions Second-order gaseous reactions are 
very common. For example, thermal dissociation of ozone, 
hydrogen iodide, nitrous oxide, nitrogen dioxide, acetaldehyde, 
chlorine monoxide and dimerization of butadiene arc second order 
gaseous reactions. The progress of such reactions can be followed 
by measuring the pressure of the system, at constant volume, with 
the help of manometer attached to the closed reaction vessel from 
time to time. Let us take the following example as an illustration. 

Thermal dissociation of Acetaldehyde. This is a second- 
order gaseous reaction and occurs according to the equation. 

2CH3CHO j- 2CH4-f2CO 
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The progress of the reaction can be foiJowed by measuring the 
pressure of the system at different time intervals. Let Po be the 
initial pressure of acetaldehyde and P be the total pressure of the 
system at any time t. If is the decrease in pressure at time t, then 
the partial pressures of acetaldehj'de, Pch 3 Cho> methane pcH4 ^nd 
carbon monoxide pco will be as follows : 

PCHSCHO = Pa—x ...(i) 

PCH4 = Pco — X •••(ii) 


The total pressure of the system 

P = PcH3CHO+PCH4+PCO 

= Po-x+x+x 
= Po+X 

or X — {P — Po) 

Substituting this value of x in Eq. (i) 

PCH3CH0 = P o — P +Po = (2Po— P) 


Here Po is proportional to the initial concentration of acetal* 
dehydeand Pchscho is proportional to the undissociated acetaldehyde, 
i.e., 

Pq oz a 


and 

Hence 


(2P„-P) oc {a- X) 

k, = ± _fL_ 

t a(a-x) 


1 (P-Po) 
t Po{2Po-py 


Example 10. Himhehvood and Hut chi sm studied the thermal 

decomposition of acetaldehyde at 518°C and obtained the following 
data : 

Time (sec) 0 42 105 242 310 480 

Pressure {mm Hg) 363 397 437 497 517 557 

Show that the reaction is of second-order and determine its rate 
constant. 


Solmion. The reaction will be of second-order if the values of rate 
constiint oot&incd from the following ccjimtion shows ji fair dccrrcc of cons 
tancy : * 




A- = - 

1 (P-Po) 

Here 

Po = 

t Po(2Po-P) 

- 363 mm Hg 

t 

sec 

{P-Po) 
mm Hg 

(SPo-P) 
mm Hg 

J _(P_Po),_ kz 

^ — P) mm Hg sec“l 

4> 

34 

329 

1 34 

42^ 363 X 329 ’ 

105 

74 

289 

1 74 

105^ 363 x 283 ~ ^^1x10 * 
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242 

134 

229 

1 134 

242 ^ 363 x 229 

310 

154 

209 

1 154 ^ 

310^ 363 x 209 

480 

194 

169 

-i- X ~6'59xI0"' 

480^363x169 


order. 


A fair constancy in the values of Atj shows that the reaction is of sccond- 

, r. (6-79+6-71+6-66+6-55+6-59 )x10~‘ 

The average value of ki — — ~ 

= 6‘66x 10~‘ mm Hg sec~1 . 


Reactions in Solution 

(/■) Saponification of an Ester by an Alkali, The saponi- 
fication of ethyl acetate by NaOH occurs according to the following 
equation 

. CHgCOOCaHs+NaOH »■ CHaCOONa-f CgHgOH 

This reaction is of second-order and is conveniently studied by 
mixing equivalent amounts of ester and alkali solutions. The progress 
of the reaction can be followed by withdrawing a definite volume of 
reaction, mixture from time to time, quenching in icc cold water and 
estimating the amount of unchanged alkali by titrating against a 
standard acid solution. Thus, the volume of acid used at the com- 
mencement of the saponification corresponds to o, and the amount 
of acid used at any time t corresponds to unchanged alkali, i.e., 
{a — x). The specific reaction rate can be calculated using Eq. (3‘40) 
If the initial concentration of ester and alkali are different then Eq. 
(3’46) is used. 

Example 11. In an experiment of saponification of ethyl 
acetate with sodium hodroxide, the progress of the reaction was , 
measured by titrating -the unchanged alkali at certain intervals. 
Using equal concentrations of ethyl acetate and NaOH solution, the 
following data were obtained : 

Time (min) 0 5 15 25 35 55 

Volume of acid (ml) 16 10'4 6'1 4'35 3’35 2'3 

Show that the reaction is of second'Order. 

Solution. The reaction will be of second-order only if the v.alucs of A' 2 , 
at different times, obtained by the following equation arc constant ; 

. J iL- 

The value of acid at the commencement of the reaction corresponds to a 
and the volume at any time t corresponds to (a—x). 

Here u — 16. 
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The values of kz at different intervals arc calculated as below : 


/ 

a — X 

X 

_L 

t 

X 

fl(o— a) 

= A-, 

5 

10-4 

5‘6 

1 

5 

5-6 

^ 16x10-4 

s= 6-732 xl0-> 

15 

6-1 

9-9 

1 

15 

9-9 

^ 16x6-1 

« 6-763x10“^ 

25 

4-35 

11-65 

1 

25 

11-65 
^ f6x4-35 

= 6-695x10“’ 

35 

3-35 

12-65 

1 

35 

12-65 

^ 16x3-35 

» 6-704x10-’ 

55 

2-3 

13-7 

1 

55 

13-7 

^ 16x2-3 

= 6-769x10“’ 


A fair constancy in the value of fcj shows that the reaction is of second- 

order. 

2, Conversion of Ammoniuns Cyanate into Urea. The 

mechanism of the reaction is 


(/•) NH 4 CNO NH 4 NCO H-~N=C= 0 -}-NH 2 {fast) 

/NH 2 

(//) H-N=C=0 + NH 2 0=C< (slow) 

\NH 2 

.NH 2 

NH4CNO o=c< 

\NH2 

Step {it] being slow is the rate determining step and hence the 
reaction is of second-order. 

3. Benzoin condensation. In presence of ale. KCN, the 
condensation of two molecules of benzaldehyde into benzoin is a 
second-order reaction, 

2C0H5CHO > CbH6CH(OH)COCcH5 

Bcnraldchydc Benzoin 


4. Reaction between Persulphate and Iodide. The stoi- 
chiometric equation for the reaction is 

‘KoSoOs -h 2KI — »• 2 K 2 SO 4 + Is 

The mccahanism of the reaction is 


(0 8208'-" -> 2S04~ 

{“) SOj"-!-!" I-I-SO42- 

(III) I-l-I-»l2 

Step {it) being slowest is the rate determining 
the order is two. 


(fast ) 
( slow) 
{ fast ) 

step and hence 


CHEMICAL KI.N'ETIGS 


I'!' 


^bird-order Reaction.*: 


A reaction is said to he if jf', mfe 

the cube of the concentration of one stihsKltife fU <0 ilio fi Oiliffi f*/ 
the square of concentration of one ,uil«.((in(<e and III hi /'('!•'(■/ f f'C 
centration of second substance^ or to the i>rodtfl't ot litH (‘Wri I 
concentrations of three substances, 'I lit w- <||it f; Iv j-fi'.' 
can be written as 


U) 

3A -y Products 

(//) 

2A-fB Prodnets 

{Hi) 

A-EB-fC -> Products 


Out of these three, (ii) type of rc:icliot)S i.s w/eA frHfiit-rtf.. 

Case I. When a reaction involves a shit-tle suhsfdidr Onlvot 
more substances with equal initial concentrations. 


If a moles lit~i is the initial concentration and r moie: = 
each have been reacted to give the products uplo titc time t, t 'cn 
differential rate equation is 

...(35?) 

where fcs is the rate constant for third-order reaction. 

On rearranging 





■'A) 


Integratins the right hand side of Eq. {3'54) betv/een iI;o 
t=0 to t~t and" the left hand side belw'een the correspondhi.y '■ ■■-t-h- 
x=0 to we get 
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Suppose a and b arc the initial concentrations of A and B 
respectively and x is the concentration change upto the time t, then 
the differential rate equation is given by 


dx 

dt 


=k{a-lxT-[b-x) 


which on integration gives 


1 pxl2b-a) h(a-lx)l 

t(a-2b)^\_a{a-%x) a(Z?-.v) J 


..(3-58) 


(it) Now consider the following reaction 
A-fB+C ->■ Products 

If a, ft and c arc the initial concentrations of A, B and C respe- 
ctively and .X is the concentration change upto the time i, then the 
differential rate equation is given by 

=kda-x)(b-x){c-x) 


dt 


which on integration gives 
1 


^3= 








(b-c) (a-b) c-a) 

' ...(3-59) 

Graphical representation. From Eq. (3.55), it is evident 
that a plot between and i will be a straight line with positive 

slope. 

Half-life Period. If then x=fl/2. Substituting these 

values in Eq. (3' 56), we get 


1 rrt/2(2fl— n/2) n 
4 = 2 /C 3 L a2(fl-fl/2)2 J 


-. 1 . ± 
2^3 Q“ 


,..{3-60) 


This-equation shows that the half-life period of third-order 
reaction is inversely proportional to the square of the initial concen- 
tration. 

Units of k3. The dimensions of k^ may be obtained by putting 
fl-)-b-{-c-l-...=3 inEq. (3-14) 

fc3=[Conc.]-3 Timc-i. 

If concentration units arc moles/lit. and time is expressed in 
sec., then 

rinoles1~2 

. kz— jjj J sec-i=lit2 molc-2 sec“i. 
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Since depends on concentration terms, the change in con- 
centration units will change the numerical value ofk^. 

Summary of the Characteristics of Third-order Reactions 

(i) Differential rate equations ■. ‘I— ^ k, (a—x^ or la-2x)‘ (b—x) 


or k, (a—x) lb — .V) (c—x) 

(ii) Integrated rate equations : A , = -J- T 1 

if L n' (a— J — 


I, . ' r C^b—a) , b (a—Zx) 

“ ( (a-2by [ ■ a~(a-2.^ 'V(6_:v) ' 


,, , a — X 1 } — X c X 

{b — c) In—^ f- [c — fl) In — -f (a~b) In ~ — 


'b — c) (a — (c — a) 


(/■/V) Graphical representation : A plot between and t gives a 


straight line 


(iV) The half-life period t, cx — 

2 

(v)_ ki has dimensions of conc~’ Time'’ and hence the change in 
concentration units will change the numerical value of k,. 

Examples of Third-order Reactions 


(a) Gaseous Reactions Only the following five homogeneous 
third-order gaseous reactions are known each involving nitric oxide 
as one of the reactants ; 


2 NO -{- Oa 2 NOs 

2 NO + Clg 2 NOCl 

2 NO + Bra ^ 2 NOBr 

2 NO -f- Ha — ^ NaO -t- HgO 

2 NO -f- Da NaO -f' DaO 

(6) Reactions in Solation. 

(z) Reaction between ferric chloride and stannous 
chloride. This is a very often quoted example of third order reaction 
in solution. This reaction is usually of second-order but under 
certain conditions it is of third-order. Noyes (1895) showed that the 
reaction takes place according to the following equations ; 

2FeCl3 -f- SnC/a — > 2FeCla SnCl^ 

The progress of the reaction can be followed by withdrawing a 
definite amount of reaction mixture from time to time, adding HgCU 
solution to remove excess of SnCla, and then estimating the concen- 
tration of ferrous chloride by titrating against standard potassium 
dichromate solution. 

Example 12, fn an experiment of the reduction of FeCl^ 
with SnCli, equivalent amounts of both the reactants were taken. 
The progress of the reaction was noted by withdrawing a definite 
amount of the reaction mixture, at different intervals of tune, and 
run into mercuric chloride solution to destroy the excess^ of SnCi^ 
and titrating with standard KnCroO-j solution. The following resu) 
were obtained : 
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Time {sdc) 60 180 420 660 oo 

Volume of K^CrzO^ solution {ml) 4‘78 8'88 12-04 13’67 20‘83 

Show that the reaction is of third-order. 

Solution. \Vc know that for a third-order reaction, when the initial 
concentrations of the reactants arc equal. 

t _ J_ r 1 

'^3 " 2f L a2(a—x)2 J 

The volume of K 2 Cr 207 used at any time / corresponds to the amount of FcGl 2 
at that time. Hence its value at infinite time, i.e., at the completion of the 
reaction corresponds to the total amount of FcCl2 formed and thus in turn is 
equivalent to total amount of FeCls taken i.e., a. 


Thus, in this case a = 20‘03 
The value of ks at different times is calculated as under : 


t 

(sec) 

X 

(ml) 

a—x 

(ml) 

'2a — X 
(ml) 

60 

4-78 

16-05 

36-78 

180 

8-8B 

11-95 

32-38 

420 

12-04 

8 79 

29-62 

660 

13-67 

7-16 

27-99 


J_ ry (2fl— -v) 1 = k3 

2/. Lo3(n_-r2j (lit' I 


1 


2x60 

1 


4-78 X 36-88 
■(20-83)' x(16“05y' 

8-88x32-78 


2x180 (20-83)' X (11-95)' 
1 .. 12-04x29-62 

2 x420^ (-20-83)' X (8-79)' 
I „ 13-67x27-99 


mole"' sec”’) 
.= 1-314x10-’ 

= 1-302x10-’ 

•== 1-296x10-’ 

= 1-303x10-’ 


2 x 660 (20-83)' X (7- 16)' 

A fair constancy in the value of ks shows that the reaction is of third-order, 


2. A reaction between mercuric chloride and potassium oxalate 
is also of third order. 

2Hg CI2 -1- K2C204 » Hgg CI2 -i- 2KC1 + ICOz 


3. Noyes and Cottle showed that action of sodium formate on silver 
acetate is of third-order. 


2 CH3 COO Ag + HCOONa ► 2 Ag -b CO3 4- CHg COOH 

4- CH3 COONa 

Reactions of Higher-order 

Let us consider tlic general case of nth order reaction. The 
reaction may be represented as * 

nA )■ Products 

If a is the initial concentration of A and x is the concentration 
decomposed upto time t, then the differential rate equation is 

AT ...(3-61) 


where k„ is the rate constant of n th order reaction. 
On rearranging Eq. (3-61), we get 


dx 



{a-xy 


= k„ dt 


...(3-62) 
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Integrating the right hand side of Eq. (3 '62) between the limits r=0 
to and the left hand side between the corresponding limits ;c =0 
to we get 


f 


x=x 


dx 


J /=o 


dt 


or 


x=0 [a—x)^ 

r,=re=«-]::: - [ *- 1:; 


or 


' r 1 L-i _ k t 

„_1 [_ (O-I)"-’ a'-’ J “ 


or 


or 


1 

r ‘ - I 1 

1 ) 

|_ (fl — x)’‘~' a”~' J 

1 

■ ‘ IT 

-f («-l) 

_ (a— jc)"~' fl"-’ J 

Period, If t-t^- then x=al2. 
63), we get 

1 1 

1 1 

1) 1 

( 0 — 0 / 2 )"-’ 0 "-' 

1 1 

“2”-’ . 1 1 

kn («-l) 1 

_ 0"-' 0"-' J 


...(3-63) 

...(3'64) 


or ti a 


kn («— 1 ) 
1 




...(3-65) 

...(3'66) 


Thus, the half-life period of n th order reaction is inversely proporti- 
nal to {« — 1 ) th power of the initial concentration. 

Reactions of higher order are very rare. This has already been 
explained on the basis of molecular collision theory in the mechanism 
of chemical reactions. However, the following reactions have been 
reported to be of fourth order :. 

(/) Thermal decomposition of KCIO 3 
4 KCIO 3 ► 3 KCIO 4 + KCl 

(//) The reaction between HBr and BrOs" 

2H+ -f Br- + BrOg- > HBrO-f HBrOg 

Zero-order Reactions. 

According to the definition of order of reaction, a reaction is 
said to be of Zero order if its rate is proportional to the zeroth 
power of the initial concentration of the reactant, i.e., 

dx 
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Thus, we see that in a zero-order reaction, the rate of reaction is 
independent of the reaction concentration and remains constant 
throughout the course of reaction. 

For example, photochemical combination of Hg and CI2 over 
water at constant pressure is of zero-order reaction. This can be 
easily seen if the mixture of equal volumes of H2 and CI2 gases is 
filled in a long tube closed at one end. The other end is dipped in 
water. The tube is then exposed to sunlight. The reaction starts 
and the course of the reaction can be followed by noting the rate of 
the water level because the amount of HCl formed gets absorbed by 
water instantaneously and the level of water rises to maintain the 
constancy of pressure. Here, we see that the amounts of H2 and CU 
are decreasing but their concentration, i.e., amount per unit volume 
remains constant- in the reaction space because the reaction space 
is also decreasing with the increase of water level. Hence, the reac- 
tion is of zero-order. 

Degeneration of the Reaction-order. 

If the rate equation for a general reaction is given by 



b 

Cb 


Cc 


then the reaction order n—a-{-b+c-\- But, if the conditions of 

the reaction are altered in such a way that the concentration of one 
or more of the reactants remain constant throughout the reaction 
course, the reaction order will be degenerated. This may happen in 
two ways ; 


(i) When one of the reactants is present in large excess 
over the others. For example, take a general second order reaction 
A + B *■ Products. 

In this case the order of reaction with respect to A is one and with 
respect to B is one and hence the total order is two. Now, if B is 
present in large excess with respect to A, then the change in the 
concentration of B will be negligible and hence the rate will become 
independent of the concentration of B. Thus, the order of reaction 
with respect to B will be zero and the total order will now be one 
This shows the degeneration of the order. This can also be shown 
mathematically using the following integrated rate equation for this 
reaction : 


2-303 
/ (a-~b) 


logio 


6 (g—x ) 
a {b~x) 


Ifb >> a, then b—x^b and a— ft ^ 
values in the above equation, w-e get 


, 2-303, ' ft (0 — 

h = —rt lo&o 



a 


— b. Substituting these 
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. L 2'303i„„ a 

or ~ -loSio 

t a — X 

Since b is in large excess, it can be taken as constant. Hence writing 
k^b = ki, we obtain 

^ 2-303, a 

~ — logio 

t a — X 

This is a typical equation of first-order reaction. The new constant 
ki, of course, depends on the initial concentration of B. 

(//) When one of the reactant is not in excess but its con- 
centration. is maintained constant. This situation arises when ojie 
of the reactant is catalyst (the concentration of which does not alter 
after the completion of the reaction) or it is regenerated as soon as it 
is consumed. Thus, the order with respect to this reactant will be- 
come zero and the overall order will be degenerated. However, the 
rate will depend on its initial concentration. 

^Determination of the Order of a Reaction 

There are various methods of determining the order of a reac- 
tion, Some commonly used methods are described below ; 

(?) Use of Integrated Rate equations 

The progress of the reaction is followed by measuring concentra- 
tions of either a reactant or a product from time to time. These 
values are then substituted in the integrated rate equations for the 
first, second, and third-order reactions. The equation which gives 
reasonably constant value of A: determines the order of reaction. It 
is also known as hit and trial method because it involves the trial of 
one equation after another till the best suited equation is found out. 
The disadvantage of this method is that it is applicable to simpler 
reactions only and further a number of readings over a wide time 
intervals are to be taken for getting satisfactory results. 

(//) Fractional-change Method 

As already discussed that for a reaction of mh order, the time 
tx required to complete a definite fraction of the reaction is inversely 
proportional to (;?— l)th power of the initial concentration a of the 
reactant, i.e.. 


an-> 

Let us consider that two experiments are carried out with diffe- 
rent initial concentrations oj and Co. If /i and tn arc the times 
required to complete the same fraction of change, then 


1 


...(3-67) 
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Thus, we see that in a zero-order reaction, the rate of reaction is 
independent of the reaction concentration and remains constant 
througiiout the course of reaction. 

For example, photochemical combination of Hg and CI2 over 
water at constant pressure is of zero-order reaction. This can be 
easily seen if the mixture of equal volumes of H2 and CI2 gases is 
filled in a long tube closed at one end. The other end is dipped in 
water. The tube is then exposed to sunlight. The reaction starts 
and the course of the reaction can be followed by noting the rate of 
the water level because the amount of HCl formed gets absorbed by 
water instantaneously and the level of water rises to maintain the 
constancy of pressure. Here, we see that the amounts of H2 and Cl2 
are decreasing but their concentration, i.e., amount per unit volume 
remains constant- in the reaction space because the reaction space 
is also decreasing with the increase of water level. Hence, the reac- 
tion is of zero-order. 

Degeneration of the Reaction-order. 

If the rate equation for a general reaction is given by 

dx , ° ^ <= 

^ = KCa Cb cc 

then the reaction order n^a-\-b+c+ But, if the conditions of 

the reaction are altered in such a way that the concentration of one 
or more of the reactants remain constant throughout the reaction 
course, the reaction order will be degenerated. This may happen in 
two ways ; 


(/) When one of the reactants is present in large excess 
over the others. For example, take a general second order reaction 
A + B y Products. 

In this case the order of reaction with respect to A is one and with 
respect to B is one and hence the total order is two. Now, if B is 
present in large excess with respect to A, then the change in the 
concentration of B will be negligible and hence the rate will become 
independent of the concentration of B. Thus, the order of reaction 
with respect to B will be zero and the total order will now be one 
This shows the degeneration of the order. This can also be shown 
mathematically using the following integrated rate equation for this 
reaction ; 


kz 


2-303 , 

logio 


b (a— X ) 
a [b~x) 


Ifb >> a, then h—x&b and a — 
values in the above equation, we get 






2-303 
f b 


logio 


a 

a—x 


— b. 


Substituting these 
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_ ,, 0-1734 
~'+0l76T 


1-9842 


^ 2 

Hence, the order of the reaction is 2. 


Example 14. Hinshelwood studied the thertna] decomposi’ 
tion of phosphine, and obtained the following data : 

Initial {mm Hg) 707 79 37‘5 

Half-life {tnin) 1-4 }-4 1-4 

Find the order of the reaction. 

Solution Since half-life period is constant for all the various pressures, it 
is independent of initial pressure. It is, therefore, a first order reaction. 


3. Graphical Method. 

The order of reaction may be determined by plotting different 
appropriate functions of {a — .v) i.e., amount of unreacted reactant 
versus t. 

If a straight line is obtained on plotting logjo (a— x) or 


loSio . versus t, the reaction is of first-order. 
a—x 

If a straight line is obtained on plotting..!., versus t, the reac- 

a—x 

tion is of second-order. 


Similarly, if a straight line is obtained by plotting 

{o-x)2 

versus t, the reaction is of third-order. 

There is another way of determining the order of a reaction 
graphically. Let us consider a general reaction of nth order with the 
same initial concentration of the reactants. The differential rate 
equation for such reaction is given by : 

^ = k„{a-xr 

dt 


Taking logarithm of both the sides, we gel 


logic = logiokn {a—xf 

or logio^^ } ~ — -^O+logio 

If \ogio[dxldt) is plotted against logio(a— x), a s traight line is 
obtained and the slope determines the value of n. 

The values of [a — x) or x, depending upon the c.xpcrimental 

d(a~x) dx 

convenience, are plotted against /. The values of — 
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Dividing Eq. (3‘68) by Eq. (3'67), we get 

12 

Taking logarithm of both the sides, we get 


or 

or 


•ogio ^ = logiof-iT 

h LflsJ 

==-,(«— 1) logio («l/«2) 
/;— 1 = ^og]o(tp/ti) 
Jogio{fli/a2) 

H = 

logic («i/a2) 


nr /? = 1 4- ^2~IO8 i0 ^1 

logic ®1 — logic ^2 
Thus, the order can be calculated. 


...{3-69) 


...(3-70) 


Example 13. The following results refer to the decomposition 


of acetaldehyde at 518°C 




Initial pressure (mm Hg) 

70 

120 

180 

Half life (sec) 

j. _ .1 , T ^ 

1400 

S20 

550 


Determine the order of the reaction. 

j Solution. tVe know that 

n = i-|- — logioL 

Jog.o <7,— log.roz 

Since it is gaseous reaction, the concentration, terms a, and o, can be re- 
placed by the pressure terms P, and P,. Tlius, 

/I = 1-)- °8 i° — iogio h 

log.oP,— iog.oPl 

(ij For first pair 

p, = 70 mm Hg r, = HOO sec 

p, = 120 mm Hg /, == 820 sec 

.-. ;: = 14- l°S ic 820 — lo gic 1400 
logio 70— logic 120 
,, 0-2323 .QQ,. 

■= *+ Gwr ^ 

2 

[it) For second pair 
p, = 120 mm Hg 
Pt = 180 mm Hg 
• fi — 5 50— logic 820 

logic r2b— logic 100 


t\ = 820 sec. 
ti — 550 sec. 
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The differential rate equation is given by 




B 



First all the reactants except A are taken in large excess and the 
order of the reaction a, is determined by any of the methods descri- 
bed above. Thus, a will be the order of reaction with respect to A. 

Again in the second experiment, all the reactants except B arc 
taken in large exce.ss and the order, b, is determined. Thus, b will 
be the order of the reaction with respect to B. 

In the same way the experiment is repeated by taking alt the 
reactants in large excess except one and the order with respect to 
each of the reactant taken in small amount is determined. The over- 
all order of the reaction will be the sum of the orders with respect to 
each reactant. Thus, 

n = a-\-b 


6 By Varying the Ratio of Reactant by a Definite 
factor. 

Consider the following reaction involving two reactants ; 

a A-fh B Products 
The differential rate equation is given by 


It 




For a short interval of time dxjdt may be replaced by A^/ 
At. Starting with certain concentrations of A and B, the value of 
A>^/At is determined. Then the concentration of B is kept Axed 
and that of A is doubled and again A^/At is determined for the same 
interval of time. 


In the Arst case 




r 0 

fcc. c 

A B 


and in the second case 


(3-75) 


the 

ing 


Dividing Eq. (3-76), by Eq. (3'75), we get 


/ A^ \ j ( Ax \ k ( 2 ca )° cb * _ qa 
VAt/ii/\Atji fccA^CB*’ 

Thus, the value of a can be determined which 
reaction with respect to A. 


(3-77) 
is the order of 


In the same way by doubling the concentration of B andkeep- 
the concentration of A constant, the order of reaction with res- 
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The differential rate equation is given by 

dt ABC 

First all the reactants except A arc taken in huge 

order of the reaction a, is determined by any ot the u'lCthoos descn* 

bed above. Thus, a will be the order of reaction with respect to .-v. 

Again in the second experiment, all the reactants except F are 
taken in large exce^ss and the order, h, i.s determined. Ihus. o wiU 
be the order of the reaction with respect to B. 

In the same way the experiment is repeated by pfxutg atl the 
reactants in large excess except one and the order v. ;:r. inspect to 
each of the reactant taken in small amount is det£rr.v>.ec. t.'? c^'er' 
all order of the reaction will be the sum of the orders w-'.u rtspec: to 
each reactant. Thus, 


6 By Varying the Ratio of Ive£cr£r;t 
factor. 

Consider the following reaction invohfrrg r > r 
a A+h B -> Products 

The differential rate equation is erver. b; 

= fcc" c'> 

dt A B 

For a short interval of time £r: dhrotr; rs 
A^- Starting with certain concertrairnrs if kiira: 
Ax/ At is determined. Then the cnntsrmt-ia: i 
and that of A is doubled and again A-i- _lf 
interval of time. 

In the first case 

and in the second case 

Dividing Eq. (3‘76), bj" he. 3'75), we get 

_ I:(2ca)=cb^ ,, 

V /II / \ /x ^ Ca“ Cb^ 


-t a DeHwite 




(3-75) 


(3-76) 


(3*77) 


tViP value of a can be determined which is the order of 

me reaction with respect to A. ■ 

ino same way by doubling the concentration of B and keep- 

g concentration of A constant, the order of reaction with res* 
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pect to B, i.e., b can be obtained. Thus, (a+6) gives the overall 
order of the reaction. 

Example 15. The equation for the reaction between potassium 
oxalate and mercuric chloride is 

2FIgCl2-hK2C20^ -> 2KCI -\- 2 CO 2 -\rHg 2 Cl 2 
The progress of the reaction was followed by weighing the precipi- 
tate of Hg^Clz formed at different intervals of time. The experi- 
ment was repeated using different proportions of the reactants and 
the following data were obtained : 


Precipitated 


ngciz 


Time 

Hg2Cl2 

(molesllitre) 

(molesjlitre) 

(min.) 

(moles) 

I 0-1672 

0-808 

65 

0 0136 

II 0-1672 

0-404 

120 

0-0062 

III 0-0826 

Find out the ord^'^reaction. 

60 

0-0063 


Solution. The differential rate equation for this reaction may be written 
as 

C ^ K2C20i 

From the I, II and III c.vperiments, 

(-^)j “ (0-1672)“ (0-808)> 

('tf~)iir " ^ 

Dividing Eq. (/) by Eq. (//'), sve get 

/_A-v \ ! / A-v \ _0 0^6/65 A- (0-1672)* (0-808)I> 

\ A' /l/ \ Af /II ~ 0-0062/12U “ A-(0 I 672)» (0-404)& 
or 2i> = 4 (approx) 

or b = 2 

Thus, the order of reaction with respect to B is 2. Again, by dividing 
Eq. (//) by Eq. (iit), wc get 

/ A^ \ f /.iSx \ 0±062/120 _ A (0- 1672)“ (O-IODS _ 

\ At /n/\ A/ /in “ 0-0063/60 “ *(0-863)“ (b~404)b 
or 2“ = 2 (approx) 

Thus, the order of reaction with respect to A is 1. 

.-. Tlic overall order of reaction 2+1 = 3. 

Order and Mechanism of Reactions 

Now we shall see how does the reaction order help to know the 
mechanism of chemical reaction. It has already been mentioned 
that the molccularity and the order are generally same in an clemen- 
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tary process. Thus reaction order gives a direct indication to the 
number of molecules involved in the^rate determining step. 

To know the mechanism of chemical reaction, first a rate 
equation for the reaction is established by studying the effect of 
concentrations of the reactants on the reaction rate. The rate 
equation gives indication of the complexity of rate determining step. 
Using this equation and the knowledge of general chemistry, a 
mechanism of the reaction is imagined. The postulated mechanism 
must show that the experimental rate constant is either equal to the 
rate constant for the rate determining step or equal to some algebraic 
combination of rate constants and equilibrium constants. With 
these points in mind, we shall discuss reaction mechanisms of vari* 
ous order reactions. 

First-order reactions. If the order of reaction is one, it 
implies that only one molecule is undergoing chemical change in the 
rate determining step. For example, the stoichiometric equation tor 
the decomposition of azomethane is given by 

CH3N=NCH3 CgHe+Ng 

This is first-order reaction. The experiniental rate equation of this 
reaction is found to be 

rate =- k [CHgN^NCHs] 

From the equation it is evident that only one molecule is taking part 
in the rate determining step. This shows that the reaction is elemen- 
tary one and taking place in one step only as shown by the stoi- 
chiometric equation given above. 

Take another example of the decomposition of NgOg- The 
stoichiometric equation is given by 

2N2O5 — > 2N2O4 -f- O2 
The experimental rate equation is found to be 

rate = k [N2O5] 

which shows that the reaction is of first-order. The mechanism of 
the reaction should be such that it must involve a step in which only 
one molecule of NgOg decomposes and this should be the rate deter- 
mining step. This suggests a multi-step reaction. The probable 
mechanism is 

N2O5 -> N2O3+O2 s/on' ' 

N2O3 -> NO+NOg fast 

NO-fNaOg -> 3 NOa fast 

The slowest step conforms to the rate equation. 

Second-order reactions. If the reaction order is two, it 
implies that two molecules are involved in the rate determining step. 

For example, the reaction between Hg and F is given by 

!,T ^ TUT 
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The experimental rate equation is found to.be 
rate = k [H 2 ] [hi 

The rate equation indicates clearly that the rate determining step 
involves the collision of one molecule of Hg and one molecule of Ig. 
Thus, the reaction is elementary one and takes place in one step 
only. 


The order of the following reaction 

2NO2+F2 -> 2NO2F 

is two. The experimental rate equation is found to be 
rate = k [NOg] [Fg] 

The rate equation shows that the rate determining step involves one 
molecule of NOg and one molecule of Fo. The postulated mechanism 
for the reaction is 

NOg+Fg »• NOgF+F slow 

F+NOg 1 . NOgF fast 

The slow step conforms to the rate equation. 


Third-order reactions. If the reaction order is three then 
three molecules should involve in the rate determining step. The 
simultaneous collisions of three molecules are not very probable, 
hence in most of the third-order reactions the rate determining step 
involves two molecules and is preceeded by a step involving equili- 
brium. The following example will make this point clear. 


The overall reaction of the reduction of NO by Hg is given by 

2NO+2Ha ► 2HgO-FN2 

The experimental rate equation is found to be 
rate = k [N0]2 [Hg] 


The reaction is of third order — second order with respect to 
NO and first order with respect to Hg. Two mechanisms of this 
reaction are possible and both conform to the rate equation. 


(fl) 


2N0-}-H2 — > Ng-l-HgOg 
HgOg-bFig 2H2O 


slow 

fast 


The slow step conforms to the rate equation. 
[b) 2N0 NoOg fast 

NgOg-l-Hg — » Ng-j-HgOg 
HgOg-f-Hg 2H2O 

According to this mechanism the rate equation 
rate = k [NgOo] [Hg] 


at equilibriutn 
slow 
fast 

will be 
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The first step involves an equilibrium, the equilibrium constant 
is given by 

K = [NgOa] 

[NO]2 

or [N 2 O 2 J = A:[N0]2 

rate = &A:[N0]2 [Hg] 

- A:'[NO]2 [Hg] 

where /c' = fcAT. This equation also conforms to. the experimental 
rate equation. 

Now the question arises as to which of the two mechanisms is 
correct. Experimental evidences show the presence of NoOg in the 
reaction mixture, hence the second mechanism is correct and the 
first one is discarded. 

t./FVactional-order reactions. The transformation of Hg [para) 
into HgCorr/jo) is given by 

-Halpa/'o) U^iorfho) 

The experimental rate equation is found to be 
rate = ft[H2(pflrfl)]3/2 

Thus, the order is 3/2, which shows the complex nature of the 
reaction. To interpret this order the following mechanism may be 
imagined : 

li^ipara) ^ 2H ...Fast at equilibrium 

H 2 {para} 1 H 2 [ortho)-^^ ...slow 

According to the slow st^, the rate is given by 
rate = k[]ri 2 [para)'\ [H] 

The first step involves an equilibrium, the equilibrium constant 
K is given by 

^ IH32 

[Hgi/poro)] 

or [H] = A:i/2[H2(/7flra)]i'2 

rate = fcJ«:i' 2 [H 2 (pflra)]i '2 [E^ipara)] 

- /c'[H2(pflra)]3/2 

where k' — kKH'^. This equation conforms to the experimental rate 
equation. 

We have discussed the mechanisms of some simple reactions. 
Mechanisms of more complicated reactions are beyond the scop 
this book. 


' Influence of Temperature on Reaction Rates 

In general, the rate of a chemical reaction increa^s aiT ^ 
with the increase in temperature, no matter whether ^ ^ 
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■ndothcrmic or exothermic. The change in rate is generally 
impressed by the change in specific reaction rate k. It has been 
;SScd in large number of cases that for a increase in temperature 
IV 10°C tiic rate of a reaction or specific reaction rate is doubled or 
rcblcd. If kt is the rate constant at /■’C and /vf+io is the rate cons- 
tant at (f-l-10)'*C, then 

~ 2 to 3 ..,(3-78) 

The ratio of rate constants at temperature difference by J0°C 
is called temperature coefficient. Thus, the temperature cocflicient 
of most of the reactions lies between 2 and 3. It is an approximate 
method of showing the effect of temperature on the reaction rate. It 
is not applicable to every case. For example, the temperature 
coclficicnt of the reaction of oxidation of potassium oxalate by 
bromine is 6 and by iodine is 7'2. Also in certain cases, the tempe- 
rature coefficient is less than one, which shows that the rate of 
reaction is retarded by increasing the temperature. For example, the 
velocity of the reaction, 2 N 0 - 1'02 -> 2 NO 2 decreases with the rise 
of temperature. Also the temperature coefficient of the reaction 
between iodalc and bisulphite in presence of iodide is 0-85. Of 
course, these reactions have complex mechanisms. 


Now a question arises— why docs the temperature rise increase 
the reaction rate to such a great extent ? Formerly, it was tried to 
give the answer on the basis that the rate of the reaction is propor- 
tional to the number of collisions between the reacting molecules 
per second. But calculations show that for 10°Crisc in temperature, 
the number of collisions increases by about 2\ only, whereas the 
rate increases by 200% to SOO^/o- Hence this theory is quite inade- 
quate to explain the temperature effect on the reaction rate. 

V ■^krrhenius Theory. Arrhenius (1889) showed empirically 
that the rate constant k is related to the absolute temperature T, by 
the following equation : 


k = Ae-^!^T 


...(3-79) 


where /4 is called the pre-exponential factor, and £ is called the 
activation energy. This equation is called the Arrhenius 
equation. 


Arrhenius proposed this equation purely on experimental basis. 
Further, he developed a simple and quantitative theory based on the 
kinetic molccuhir model which gave a sound interpretation of the 
relation given above. The salient features of the theory arc : 

(i) All the molecules present cannot take part in the chemical 
reaction but only active or elevated molecules can react. 
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{//) The active molecules possess some excess energy above the 
energy possessed by an average reactant molecule. The minimum 
amount of excess energy required by the reacting moiecules to react 
is known as the energy of activation 

(///) The active molecules acquire the energy of activation' 
due to collisions among the molecules. 

(zv) There exists an equilibrium between the normal and the 
active molecules. 


(v) When active molecules collide, they first form some higher 
energy species, which is called activated complex. The activated 
complex then breaks into the products. The rate of reaction depends 
on the concentration of the activated molecules. 


With these features in mind, it is very easy to deduce the 
Arrhenius equation. The number of activated molecules having 
energy E greater than the average reactant molecules at temperature; 
T, is given by the Boltzmann distribution law. 


Number of activated molecules 
Total number of reactant molecules 


= e-EiRT 


...(3-80) 


Since the reaction occurs only when active molecules collide, 

hence 


Rate of reaction c< No. or cone, of activated molecules 


= /l(No. or cone, of activated molecules) 

...(3-81) 


From Eqs- (3'80) and (3’81), we obtain 

Rate of reaction =Ae-E\RT (No. or cone, of reactant molecules) 

...(3-82) 


Since specific reaction rate 

^ rate of reaction 

~ cone, of reactant molecules 
Hence from Eq. (3'82), wc can write 


k = Ae-EIRT 

which is Arrhenius equation. E has the dimensions of energy and is 
generally expressed in kcal molc“i. A has the dimensions of rate 
constant, e.g., sec-i for a first-order reaction, lit molc“i scc"i for the 
second-order reaction and so on. 

Determination of the energy of Activation 
The Arrhenius equation is 
k = Ae-EiRT 

Taking logarithm of both the sides, we get 

In A: = In {Ae~^l^^ ) = In ^ 

£ 

or 2-303 logic ^ = 2-303 logic A - 
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or logio /f = 2-3of ' ^ ~ ( y ) ...(3-83) 

This equation shows, that a plot between logio k and-^ gives a 

E 

straight line with a slope equal to — intercept equal 

to logio A. Thus, the value of E can be obtained from the slope. 

Example 16. The first-order rate constant k for the decom- 
position of NzOs at various temperatures are given below : 

T{°K) 273 298 308 ‘318 328 , 

k(scc-') 7-87x10-' 3-46x10-’ 1-35x10- 4-98x10- PSOxlO- 

Dctremine the energy of activation of the reaction. 

Solution : We know that if log,o k is plotted against ~ , a straight line 
E 

with the slope — " 1-303 ji ~ obtained. 

From the above table 

log, ok —6-104 —4-4609 —3-8697 —3-3028 —2-8239 

■y 3-66x10- 3-36X10 - 3-23x10-’ 3*14x10- 3-05xl0- 

Thc values of log, ok and x 10’ arc plotted in Fig. 3-8. 



Fig. 3-8. Graph of log, ok versus lO’/T for the 
Decomposition of NjO, 

—6-104— (-2-8239) 
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"" “ 0-61 X ] 0 -> 


E 3-2801 

•■*“ 2-303x« ~ 0 61x10-" 

3 2801x2 303x7? 
or E = (j.gj ^ 20-3 

3-2801x2 303x1-937 
- 0-61x10-" 


cal mole-' 


. = 24730 cal mole—' 

The energy of activation of the decomposition of NjO, is 24730 cal mole-'. 

There is another way of determining the energy of activation if 
the rate constants at two temperatures are known. Suppose ki and 
kz are the rate constants of a reaction at temperatures and 
respectively, then from Eq. (3*83 ), we get 



....(3-84) 

Subtracting Eq. (3-84) from Eq. (3-85), we obtain 
logio kg— logic ki = — 2.3q3 ^- 

...(3-85) 

, kz E VT^^—To 1 

or logic 2-383 r\_ Ti Eg J 

or logic ,, 2-303 i Ti Tz J 



Example 17. The specific reaction rates for the reaction bet- 
ween 2:4 dinitrobenzene with pyridine at 25°C and 0°C were found 
to be Til lit mol e-^ min~^ and 0-2 lit mole-'^ min-i respectively. 
Calculate the energy of activation of the reaction. 


Solution. We know that 

^ g r T,-T, -1 
A:, " 2-303 R IT, T, J 

HereA'i = Til lit mole—' min—' 
kt = 0-2 lit mole—' min—' 

T, = 2734-25 = 298”^: 

Tt = 273 “^: 

and R — T987 cal deg—' mole—' 

0-2 E r273-298 t 

••• log.o j.ii - 2-803x1-987 j,298‘;x^J 

n g / 25 \ 

or _ 0-7743 = — 2 . 30-3 x 1-987 ( 298x278/ 

^ 0-7743 x 2-303x1-987 x 298x2- 


= 11090 cal mole"' 
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It is interesting to note that the marked influence of tempera- 
ture on the reaction rate can be explained by the experimental factor 
e“E/RT of the Arrhenius equation For example, if the activation 
enercy £ of a reaction is 24000 cal mole“i, the value of e E/RT at 
300 °" K will be e-24000/e*30o, f.c., 4‘248x lO'S. If the temperature 
is raised by 10°, then the value at 310° K will be <?-24000/2*3io f.e., 
15*56 X 10“18, Thus, the increase of 10° in the temperature increases 
the value of the factor by about 3*6 times. This increase is due to the 
fact that by raising the temperature, the proportion of activated mole- 
cules increases and as a result of this, the reaction rate increases. 

^The Role of Activation Energy in Chemical Reaction and the 
Activated Complex 

To understand the physical meaning of activation energy, let 
us suppose that a car goes from a place A to a place B. , The road 
crosses a hill at an attitude of about 1000 feet as shown in Fig 3*9. 
If the engine of the car is weak then it will not be possible for the 
car to climb up the slope of the hill all the way to reach the top X 


X 



Fig. 3-9 Crossing the Hill between A and B 


and then go down the other side of the hill. It will go only a part 
way up, stop and turn back. On the other hand, if the engine is 
powerful enough to surmount 1000 feet hill, it will certainly pass the 
barrier X and reach the place H. 

This physical situation resembles with the picture of chemical 
reaction. When two molecules collide momentarily an intermediate 
aggregate made up of these two molecules is formed which afterwards 
breaks into products. The potential energy of the intermediate aggre- 
gate is greater than that of the reactants and the products. This high 
energy intermediate aggregate is called activated complex or acti- 
vated state. The activated state is like the pass of the hill- and 
places an energy barrier between the reactants and the products. 
Thus, only those reacting molecules which have enough energy to 
surmount the energy barrier, can be converted into products. The 
energy barrier determines the minimum energy which the reacting 
molecules should possess in order to react completely to form pro- 
ducts. Tliis minimum threshold energy is called the activation 
energy. 

Thus a chemical reaction involves (/) the absorption of eneray 
by the reactant molecules to get themselves activated, (//) combina- 
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tion of the activated molecules to form activated complex, and (///) 
the breaking of activated complex into products. The formation of 
activated complex is a characteristic of all the chemical changes. 

The idea of activated complex can be illustrated qualitatively 
by a potential energy diagram, as shown in Fig. 3-10 for a reaction 

AB+CD AC+BD 

In the figure, the vertical axis represents the potential energy and the 
horizontal axis represents the reaction coordinate, i.e., the course of 
reaction showing Iiow far the reaction has gone from the initial state 
of reactants towards the final state of products. Let us start from 
left to right. Along the flat curve at the left, the molecules AB and 



Fig. 3‘10 Potential Energy Change and Activated 
Complc.': in a Chemical Reaction. 


CD arc approaching each other. They possess kinetic energy and 
because they are relatively far apart, there is no change in their total 
potential energy. At the beginning of the rise in curve, AB approa- 
chesBC more closely and the forces of repulsion between the nuclei 
''iTMme electron clouds become appreciable. At this stage, the 
molecules are slowed down because their kinetic energies furnish the 
potential energy to overcome the forces of repulsion. Thus, the 
potential energy of the system starts increasing. The increase in 
potential energy continues and reaches maximum which corresponds 
to the activated complex. At this stage, since the potential energy of 
the system is maximum, the activated complex formed will be most 
unstable. The bonds between A — B and C -D have stretched and 
weakened to the extent that they arc just on the point- of breaking 
and the bonds between A— C and B—D have just started to form. 
Thus, the activated complex takes the geometry of most unstable 
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species and has approximately equal possibilities of decomposing into 
products or back into reactants. This can be represented as 

A B 

AB+CD i i AC+BD 

Reactants • : Products 

C D 

Activated Complex 

If the reactants have sufficient energy to cross the energy barrier, the 
activated complex formed will break into the products and if they 
have insufficient energy to cross the barrier activated complex will 
break into reactants and retrace the former path. The formation of 
product is represented by moving down the righf side of the barrier. 
This shows that the potential energy decreases and the flat curve 
represents the region where the product molecules AC and BD have 
separated again and the potential energy of the complex has conver- 
ted into kinetic energy again. 

From the above discussion it is clear that the reactants can not 
directly convert into products unless they cross the potential energy 
barrier, /.<?., they form the activated complex. The following are 
some important features of the activated complex : 

( j ) The activated complex is produced by the collision of rea- 
cting molecules possessing energy at least equal to the 
activation energy. 

(1/ ) The activated complex may be regarded as a single mole- 
cule with loose bonds. 

(Hi) The potential energy of the activated complex is maximum. 

(/V) The activated complex has transient existence only and 
transforms into products at a definite rate. It may also 
decompose into reactants back. 

( V ) In terms of activated complex a reaction is said to be uni- 
molecular, bimolecular or termolecular depending on 
whether one, two, or three reacting molecules are required 
to form the activated complex. 

(VI) The breaking of activated complex is essentially a unimole- 
cular process. 

The role of activation energy in chemical reaction is that it is 
utilized in the weakening or breaking of bonds, forcing reacting 
molecules very close to one another by overcoming the forces of 
repulsion due to atomic nuclei and electron cloud, or feeding energy 
to a vibrating molecule so that its collision may result in a chemical 
reaction. The activation energy is the chief factor which determines 
whether a reaction is fast or slow at a given temperature. If the 
energy of activation is high, only a few molecules will possess it and 
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hence the reaction v. ill be slow. When the temrerature h 
more molecules will be in acth-sted state and hence ther.Ucoftbe 
reaction will increase. On the other hand, if the aetivutivVi enc-ev 
is low, more molecules will possess it at the given ternpor.iunc and 
the reaction will be faster. 

It is clear from Fig. 3-10, that the process of activation is 
endothermic and the activation energy is always positive, 'The 
comparative values of the energy of activation of products and 
reactants determine whether the reaction is e.xothcnuic or endo- 
thermic. In the figure, Ei represents the energy of activation of 
reactants and Bt, of products. The energy change in the overall 
reaction can be given as 

Reactant.s -> Activated complex ; I: i'l 

Activated complex Products ; A E = ~ f a 

On adding, Reactants -*■ Products; A “ (T'l ~ /ij) 

Thus, if E 2 > Et, the value of A^ is negative and the reaction will he 
exothermic. If the value of Af^ is positive and the rcactiott 

will be endothermic. This can be seen in Fig. 3‘H which depicts 
the difference in the activation energies of products and ve.ictants 
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Eig. 3-11. Activation Energy in (o) Hvothrrm''' 

Process and Endotlin'iini' I'roi'r'fi, 

for exothermic and endothermic reactions. U is 

3‘11 [b), that in an endothermic process, the ^[''"‘’^*'5^,/' f. 

must be at least equal to the heal of reaction. I Ids 

that highly endothermic processes are very slow and 'd' '' 

•it higher temneratures. 
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Though Arrhenius theory helps in understanding the reaction 
process, yet it is a qualitative theory because it is unable to predict 
the values of£ and ^ Further development of the theories of 
reaction rates is beyond the scope of this book; 

Activation Energy and Catalysts, The rate of reaction can 
be incressed by the addition of a suitable catalyst. The catalyst 
actually changes the path or mechanism of the reaction and provides 
a different activation energy barrier which has a lower value than the 
value of the barrier when the reaction is allowed to proceed uncata- 
lysed as shown in Fig, 3T2, Since the new path has a lower energy 



Fig. 3'12. Potential Energy Change in a Chemical 
Reaction with and without Catalyst 

barrier, it is evident that mare reacting molecules can surmount the 
barrier and hence the rate of reaction increases. It is to be noted that 
the activation energy of the products also decreases equally and, 
therefore, it explains the experimental fact that a catalyst has equal 
effect on the forward and the reverse reactions. 
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Fill in the blanks with appropriate words ; 

(/) The rate of reaction is given by the derivative of concentration with 
respect to 

(;7) Tlic elementary process determines the rate of reaction. 

(/;7) The differential rate equation shows the dependence of. on 

the concentration of the reactants. 

(/V) The integrated rate equation shows the dependence of on time. 

(v) The half life period of order reaction is independent of the 

initial concentration of the reactant. 

(yi) Lit molc~1 scc“1 , sec“1 , and Iit“2 moIc“2 scc“1 arc the units of 

and order reactions respectively. 

(v/7) The activated complex is produced by the collision of reacting mole- 
cules possessing energy at least equal to the 

(viii) The potential energy of the activated complex is 

(ix) lowers the energy barrier. 

(.X) may be integral, fractional or zero but the molecularity is always 

a positive 


Give a term for each of the following : 

(/) Equations showing quantitative weight relationships. 

(//) The branch of chemistry which deals with the reaction rates .and 
reaction mechanism. 

{Hi) The rate of reaction when the concentration of reactants is unity. 

(jV) The sum of the powers to which the concentration terms arc raised 
in the c-xpcrimcntally determined rate equation. 

(v) The number of molecules, atoms, or radicals taking part in an ele- 
mentary reaction. 

(v;) The reaction whose rate is independent of the reactant concen- 
tration. 

(vi7) The ratio of the rate constants at a temperature difference by 10". 

{viii) The high energy intermediate aggregate formed by the collision of 
activated reacting molecules. 

{ix) The minimum amount of c.\-ccss energy required by the reacting 
molecules to react. 

(x) The time required to decompose half of the original substance. 

KEY 


1. (0 <//, (») t, {iii)—kit,{iv)x, {r) {a—b), {vi) x (2o— .x"). T, 

a— x {viii) a,lat, {ix) — E/RT, (a) E. 

2. (0 time, (i7) slowest, {Hi) rate of reaction, (ir) rc.-.ctant c-.'nc-entra- 
tion, (v) first, {vi) second, first, third, (r;;) .art energy, 
(vfi'O maximum, (t.x) Catalyst, (.x) Order, integer. 
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3. (/) Stoichiometric equations, (//^ Chemical kinetics, (i/V) specific 
reaction rate or rate constant, (»’) Order of reaction, (r) molccula- 
rity, (ri) Zero-order reaction, (v//) Temperature coefficient, 
(v;/V) Activated complex, {ix) Activation energy, {x) Half-life 
period. 

QUESTIONS 

1. Explain the term ‘reaction rate*. Describe how it is measured. What 
are the factors which influence the rate of a reaction ? 

2. What do you understand by (i) reaction rate and (it) specific reaction 
rate ? IV'hcn do they become equal ? What arc their dimensions ? 

3. If a reaction obeys the rate law : 

rate = k (A] ' [B] ■ " 

what arc the units of k if the reaction occurs : 

(t) in solution and (//) in gas-phase. 

[Ans. (f) mole '(* lit-' sec"’, (i7)mm“''‘ sec"'] 

4. If the concentrations are expressed in moles/litre and time in minutes, 
what arc units of the specific reaction rates for (/) first-order, 
(/7) second-order; and (Hi) third-order reactions ? 

(Ans. (i) min"1, (/) lit molc-1 min“1, and 
^ (Hi) lit' molc~2 min~l J 

5. Distinguish clearly between the molccularity and the order of a 
reaction. Give suitable examples. 

6. What arc differential and integrated rate equations ? Derive two 
forms of the intergated equations for a first-order reaction. 

7. The rate determining step in a hypothetical reaction is 2A -f B — > 
C-pD. What would be the effect on the reaction rate if (j) the 
conccntiation of A is doubled, and (it) the concentration of Bis 
doubled .' 

8. What is meant by the order of reaction ? Derive integrated rate 
equation for second-order reaction when the initial concentrations 
of both the reactants are (i) equal and (ii) unequal. 

■ 9, Give all possible integrated rate equations for a third-order 
reaction. 

10. What is meant by the half-life period ? How the half life period is 
related to the initial concentration of the reactions in first, second, 
and third-order reaction. 

11. What is meant by the energy of activation.’ Discuss’ its role in the 
chemical reaction. 

12. Explain the terms ‘activated complex’. What are its various 
features. 

13. Write a short account of the role of catalyst in a chemical reaction 
with special reference to the activation energy. 

14. Discuss the influence of temperature on the reaction velocity in the 
light of Arrhenius theory. How is the activation energy of a chemical 
reaction determined ? 

15. Write notes on : 

(1) 'I'cmperaturc coefficient 
{/(■) Arrhenius theory 
(Hi) Zero-order reaction. 
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16. Giving sttiublc c.vamplcs. show that liov.' the knowledge of order and 
molccularity is helpful to know the mechanism of a chemical rc.ac;:on. 


17. Enumerate the various methods for determining the order of reaction, 
and discuss one of them in detail. 



The decomposition of N2O5 in the gaseous state? a first 
is 14*8% complete in 20 minutes at 35'C. Calculate tl 



[Ans. O-K-SOmin-l; 32-93%] 
dccompositior. of cthyla 


me 


irst-oroer reaction. 

IS complete in 2U minutes at 35-C. Calculate the rate constant 

for the reaction. What percentage would be decomposed at the end of 
50 minutes ? 

The follosving data were obtained for the 
at aOO^C. 

Time (min) 0 2 6 10 

Pressure (mm Hg) 55 (54 79 89 

Show that the reaction is of first-order, and calculate the average 

reaction rate. [.Ans. 9-375 x ICr-2 min^j 



Ethyl acetate was subjected to hydrolysis in normal HCl at 25:C. 5 ml 
of the mixture were withdrawn and titrated against standard NaOH 
solution at different intervals with the following results ; 

/ (min) 0 20 75 120 175 ^ 

ti/re (ml) 20-25 21-70 25-20 27.65 30-20 43-95 



Show that the reaction is of the first-order and evaluate the as-erage 
value of specific reaction rate. [Ans. 3-I25x I0"3 min") 

For the inversion of sucrose in presence of dil HCl, the following 
polarimeter readings (5) at various times f were obtained 

t (sec) 0 1035 3013 4857 9231 OC 

e (O; 11-20 10-35 8-87 7-64 5-19 —3-37 

Show that the reaction is of first-order and calculate the average 
specific reaction rate. [Ans. 5-773xl0“5 scc“l] 


22. Eollowing data were obtained in a decomposition of H2O2 when 
/equal s-olumes of the decomposition mi.-cturc were titrate against 
/ standard KMnOu solution at regular interval 

Time (min) 0 10 20 39 

Volume of KhInOa (cc) 25 16-2 10-5 6-8 

Show that it is a unimolccular reaction and calculate the average rea- 
ction rate. [Ans. 4-339 X 10“2 min~1] 




Nitrogen pentoxidc svhea allowed to decompose in CCI4 at 45'^C gave 
the following volumes of oxygen : 

Time (min) 0 5 lU 15 00 

A'olumc of O2 (cc) 0 3*42 6*30 8*95 35*75 

Show that the reaction is of first-order and evaluate the rate constant. 

(Ans. 1-959X 10“2 

.A second-order reaction, where is 20% completed in 500 seconds. 

How long w-ill it take the reaction to go to 60% completion ? 

[Ans. 3000 see] 


25. In the study of dimeriration of gaseous butadiene, the following data 
were obtained : 

Time (see) 0 ISO 460 858 1473 00 

Pressure (mm Hg) 632*0 613-5 599*4 576-1 546-8 3'16 

Show that the reaction is of second-order and evaluate the average 
rate constant. [Ans. 3-952xl0~7 sec~i] 
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26. When ethyl acetate is saponified with NaOH, the progrcK of the 
reaction can be measured by. titrating the unchanged alkali against 
a standard acid at certain intervals. Using equal concentrations of 
ester and alkali, the following results were obtained in an e.xperinficnt : 

t (min) 0 5 25 35 55 co 

ml of acid (a — x) 16 10‘4 4-3 3’4 2'3 0 

Show that the reaction is of second order and calculate the average 
rate constant. What fraction of ethyl acetate will be decomposed in 
30 minutes? (Ans. 6'730xI0~3ml mole~l min""!, 0'7638] 

27. The following data refer to the decomposition of gaseous acetaldehyde 
at 5I8°G. 

Initial pressure (mm) 400 300 200 

Half-life period (sec) 370 495 745 

Determine the order of reaction. [Ans. 2] 

28. The activation energy of a reaction is 20000 cal molc“1. Calculate the 
ratio of the two rate constants at 273° and 373°K. [Ans. l'954x 10'] 

29. The following values have been obtained of the rate constants for the 
decomposition of N,0, at various temperatures : 

remperature (°c) 0 25 35 45 55 65 

(sec-’) 4-7x10-' 0-34x10-' 1-35x10“' 4-98x10“' 15-0x10“' 48-7x10“' 

Determine the activation energy graphically, 

30. The rate constants for the decomposition of acetaldehyde at 460° and 
592°K were found to be 0-035 and 4-96 moles lit“’ see”’. Calculate 
the activation energy of the reaction. 


(Ans. 20310 cal mole-1] 



Tliermo dynamics 

(THE SECOND LAW, ENTROPY, AND FREE ENERGY) 


Introdaction 

The first law of thermodynamics deals with the conservation of 
energy and establishes quantitative relation between different kinds 
of energy. It gives the total energy change in a chemical reaction 
but fails to give answer to the following questions : Will a parti- 
cular process at all occur ? What will be the direction and extent 
of the process ? For example, heat flows from a hot body A to a 
cold body B when both are brought in contact with each other. The 
first law states that . the heat lost by body A is equal to the heat 
gained by body B. It never indicates that heat can only flow from 
hot body A to cold body B and not in the reverse direction i.e., from 
B to A. Thus, we see that the first law is inadequate to predict the 
direction of a certain process to occur. To predict the direction of 
change we should have a knowledge of some other criterion except 
the first law. The second law of thermodynamics provides the criter- 
ion for predicting the direction and extent of a particular change. 
Any approach which leads to the criterion for the direction of occurr- 
ence of a process becomes the basis of the second law. Different 
scientists attacked this problem in different ways and it is for this 
reason we find a good variety of statements .of the second law. All 
these statements of the second law though appear to be different but 
they ultimately lead to the same aim, i.e., predict the direction of 
the occurrence of a process. 

Spontaneous processes 

Processes taking place in a system without the assistance of 
any external agency are termed as natural or spontaneous pro- 
cesses. Thus, in a spontaneous process no external work is done 
on the system. The following are some examples of spontaneous 
processes : 

(i) The flow of water from a higher level to a lower level. 
The flow of water continues until the levels become equal, i.e., 
mechanical equlibrium is attained. 
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(//) Expansion of a gas from a region of higher pressure to a 
region of lower pressure. The expansion %yiH continue until the 
pressures become equal, i.e., mechanical equilibrium is, attained. 

{Hi) Flow of heat from a hotter bodj’ to a colder body. The 
flow will continue until the temperatures become equal, i.e., thermal 
equilibrium is attained. 

(iv) When a zinc rod is placed in contact with the solution of 
copper sulphaie, zinc dissolves and cupric ions are reduced to copper 
metal which deposits on the zinc rod. This occurs spontaneously 
and continues until chemical equilibrium is reached. 

From these examples it is evident that spontaneous processes 
take place in one direction only and proceed towards a state of 
equilibrium. It is a matter of common experience that spontaneous 
processes can not be reversed by themselves. Thus, water cannot 
move from lower to higher level; gases cannot flow from a region 
of low pressure to a region of high pressure; heat cannot flow from a 
colder to a hotter body, dissolved zinc cannot be precipitated back 
from the solution of zinc sulphate and copper. Spontaneous processes 
may, however, be reversed with the help of some external assistance 
f.c., when energy from outside is supplied. Thus, water can be lifted 
from a lower to an upper level with the help of a pump. Gas mole- 
cules can be made to move from a region of low pressure to a region 
of high pressure by applying pressure on them. Heat can be made 
to flow from a colder to a hotter body by doing external work on 
the system, c.g., refrigerator. Zinc can be obtained back from the 
solution of zinc sulphate and copper by doing electric work on the 
system. From these examples, it may be concluded that apjAtaneous 
processes are irreversible 'and can be reversed only when work is 
done on the system. 

Another aspect of spontaneous process is that no useful work 
is obtained when it is allowed to occur by itself. For example, when 
a gas is allowed to expand in vacuum no work is obtained. How- 
ever, useful work may be obtained from spontaneous processes by 
introducing a suitable mechanism. Thus, flow of water from a 
higher to a lower level can yield work if a turbine is employed. 
The flow of heat from a hotter to a colder body can produce work 
with the help of a heat engine. The expanding gas can move a 
piston. Useful work from the reaction between zinc and copper 
sulphate can be obtained through a galvanic cell. It should be borne 
in mind that maximum amount of work can be obtained from a 
spontaneous process if it is carried out reversibly. For example, in 
spontaneous expansion of a gas, maximum work could be obtained 
if it is allowed to expand against a piston, the pressure on which is 
just infinitesimally smaller than the pressure of the gas. This is 
reversible expansion because the process can be reversed by increas- 
ing the pressure on the piston by an infinitesimally small amount. 
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\p<^cral Statements of tbe Second Law of Thermodynamics 

As already stated that the second law of thermodj'namics may 
be stated in a great variety of ways. Unfortunately, the second law 
cannot be stated with the same precision and simplicity as the first 
law. No single statement can give its full meaning. A few 
commonly quoted statements arc given below : 

{i) Heat can flow spontaneously from a hotter to a colder body, 
alternatively, heat cannot flow from a colder to a hotter body with- 
out the intervention of some external energy, 

(ii) All natural or spontaneous processes fend to go to a stale 
/ of equilibrium. 

(Hi) All natural or spontaneous processes arc irreversible. 

(iv) All natural or spontaneous processes can be made to yield 
work but the maximum work can only he obtained if the process is 
carried out reversibly. 

(v) It is impossible to convert heat completely into an equiva- 
lent amount •of work without producing changes in some part of 
system or surroundings. 

The first four statements are based on the examples of spon- 
taneous process as discussed in the last section. The statement (v) 
needs explanation. It is a matter of common experience that every 
form of energy has a natural tendency to be converted into heat but 
heat shows no natural tendency to be converted into any other form. 
Thus, if heat is to be converted into work some external agency, 
such has heat engine, is to be employed. Even then the complete 
conversion of heat into work is not possible, only a fraction of heal 
is converted into an equivalent amount of work. Work can be obtain- 
ed when heat is transferred from a body at a higher temperature to 
a body at a lower temperature, because such a process can take place 
spontaneously. This is the principle of heat engine. The engine 
takes heat from the ‘source' at a higher temperature, a part of the 
heat absorbed is converted into an equivalent amount of work and 
the rest is given up to the ‘sink’ at a lower temperature. The fra- 
ction of the absorbed heat converted into an equivalent amount of 
work is known as the efficiency of the engine. No engine has yet 
been devised which has 100 percent cfilciencyj^ Thus, coin^tc coii- 
versibn of h“cat into ‘WOrK is'nbt possible. Further, suppose man 
engine ideal gas is filled in the cylinder fitted with piston; when heat 
is absorbed, the gas expands and exactly an equivalent amount of 
work is done against the piston. In this case heat is converted into 
work but at the same time the volume of the gas has increased. 
Thus, heat cannot be converted completely into work withoN 
producing changes elsewhere. 

The statements of the second law as given above cannr' — 
conveniently applied to chemical problems. The main aim -' -j 
second law is to establish a criterion which can determine ~ 
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or not a chemical or physical change occurs spontaneously. Since 
spontaneous processes generally, occur with the decrease in energy 
of the system, at one time^'chemists believed that chemical ructions 
proceed spontaneously in the direction of heat evolution or in other 
words, only exothermic reactions are spontaneous. This conclusion 
is wrong because there are many endothermic reactions which do 
occur spontaneously. So it is evident that energy alone is inadequate 
in deciding the spontaneity of a procefs. 

Now it has become important to obtain a function which as a 
consequence of second law should serve as criterion of spontaniety 
The function should be a state function, i.e., its value should depend 
on the state of the system and not on the path of the process. Fur- 
ther, it should change in a particular manner, e.g., always increase 
as the process occurs spontaneously. A function which fulfils these 

conditions has been introduced and given the name entropy, 

/• * 

^ /<JENTROPy 

Entropy in denoted by S. It is defined in terms of differential 
equation for dS, the infinitesimal small change in entropy. If 
is the amount of heat absorbed by the system in a reversible manner 
at a constant temperature T, then the entropy change dS is given by 

...(4-1) 

For finite changes 

;\A AS = ^-f- ...(4-2) 

1 Thus, entropy change may be defined as the amount of heat absorb- 
\ ed by the system in a reversible manner divided by the absolute 
I temperature at which the heat is absorbed, 

\) 

’^^^.'Entropy is a State Function. In the definition of entropy 
the^uantity is not a state function and depends on the path of 
the change. There may be number' of ways in which the process " 
can be performed reversibly and in each case the value of will be 
different. Hence dq^eyis not a perfect differential. However, dq^^^lT 
is a perfect differential. This can be shown in the following way ; 

Suppose 1 mole of an ideal gas is undergoing a reversible 
expansion. From the first law 

dqy,,^dE-\-PdV . 

RT 

= CydT+ ^-^dV 

or J = J C„ (/T + J ...(4-3) 

we know that dq^^y is not an exact differential, hence it cannot be 
integrated. This is confirmed by observing the right-hand side of 
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f RT 

Eq. (4*3), where the quantity I y dV cannot be evaluated unless 

we specify the path, or in other words, Uhe relation between Tand V 
is known. For different values of T,' F will have different values. 
Thus dg 

rev depends on the path by which the expansion is carried 
out. Now dividing Eq. (4'3) by T on both the sides, we get 


=Cv InT+T? InF+constant .••(4’4) 


It follows that J* ^-^‘^-can be evaluated, hence is an 

exact differential. It may, therefore, be concluded that entropy 
change dS is an exact or perfect differentia] and hence entropy 5 is 
a state function. 


Thus, if a system changes from initial state I to final state 2, 
the entropy change is expressed by integrating Eq. (4*]) between the 
limits of initial state 1 and final state 2, 

or = 5a-Si= J ^ ...(4-5) 

where Si and Sz are the entropies of the system in the initial and 
final states respectively. 

It should be clearly borne in mind that the entropy change dS 
is equal to the amount of heat absorbed divided by the absolute 
temperature only when the process is carried out reversibly. If the 
process is carried out irreversibly the quantity of heat absorbed 
dqirrcv divided by temperature T i.e., dqi„cv\E will not be equal to 
dS, the change in the entrop)', because 

d q rcy,^d 
T t 

The amount of heat absorbed in irreversible manner will be indefinite 
and uncertain and hence cannot be used in evaluating the entropy 
changes. 

From Eq. (4.1) it is evident that when heat is absorbed by the 
system dq is positive and hence dS is also positive. Thus, the entropy 
of the system increases with the absorption of heat and decreases 
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with the evolution of heat. In an adiabatic reversible change, where 
dqrcv-^, the entropy change dS is also zero. Hence adiabatic 
reversible processes are associated with no entropy change and are 
called isoentropic processes. 

Units of Entropy. Entropy has dirnensions of energy X tern- 
perature"! and is generally expressed in cal deg“i. It is also 
referred to as entropy unit or eu. Thus, I eu = 1 cal deg"t„ 
Entropy also depends on the amount of the substance, hence the 
amount should also be specified in the units. For 1 mole of a subs- 
tance the units of entropy are cal deg~t mole~i. This is called 
molar entropy. For 1 gni of a substance the entropy units are 
cal deg“l gna“l. 

^^ropy calculations 

Entropy is a state function and the change in entropy for a 
given process is independent of the path between the initial and the 
final states. The process may occur by any path, reversible or 
irreversible, but the entropy change will be the same. To compute 
the value of A-S', a path * for which a calculation is as simple as 
possible is chosen. The most convenient path frequently chosen is 
the reversible path, because Eq. {4'1) is applicable to reversible 
processes and employed in entropy change calculations. 


^(/jJEatropy changes for an Ideal G^'s. Consider a system 
consisting of n moles of an ideal gas occupying a volume K at a 
pressure P and temperature T. If dq^^^ amount of heat is absorbed 
by the system reversibly, then the increase in entropy dS is 
given by 


dS-= 


...(4-6) 


From the first law of thermodynamics, for a reversible process in 
which only pressure-volume work is involved 


- dE+PdV •..(4'7) 

Substituting for dq from Eq. (4-7) in Eq. (4-6), we get 
dE+PdV 

T- ...(4-8) 


dS= 


For n moles of an ideal gas, we know that 



and dE = uCydT 


where C., is the molar heat at constant volume. Substituting these 
values of P and dE m Eq. (4’8), we get 



THERXIODYNAMICS 


1 


or 


dS 


nCydT-h (nRTJ^dV 
T 


dS = nCv-^+ni? — 


...{4-9) 


If the entropy, volume and temperature of the system in the 
initial state are Si, Vi and Ti and in the final state are S^, I ^ and 
To respectively, then integrating Eq. (4‘9) between these limits wc get 


I 


^2 

■^1 


dS 





nR 


dV 

y 


Assuming C to be independent of temperature over the 
temperature range considered, wc obtain 

AS = So-Si = nCv In In ...(4-10) 

For 1 mole of an ideal gas 

AS = Cv In J? In ^ ...(4-11) 

^ n 


An alternate form of Eq. (4'10) involving pressure terms can be 
obtained in the following manner : 


If Pi is the pressure of the system in the initial stale and /*« in 
the final state, then from.the gas equation 

P^Vy PoVo 


Ti n 

^2 ^ PiTo 
or Vi “ PoTi 

Substituting in Eq. (4*10), wc obtain 

AS « nCv In Jk +ni?In ^2 

= «Cv In ^ In 5= +«/? In 

= «(Cv+iI)ln ^ +«I?ln^ 

J \ JO 

Since (Cy + I?) = Q, hence 

AS = nC^\n^ + nR]n^ 

J X / 2 


...(4-12) 


From Eq. (4*10) and (4*12) entropy changes for an ideal gas can b: 
calculated. These equations take different forms under rliffcrrr; 
conditions. _ 

(/) For an Isothermal Procc.ss i.e, when T] To. F”' 
processes Eqs. (4*10) and (4*12) arc reduced to 
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^Sr <= nR In 


Vi 


and 




nR In ^ 

rn 


...{4*13) 


.‘i{4*14) 


The subscript T in ^Sj indicates that the process is occurring at 
constant temperature. In an expansion or Pi> Pg, hence 

A-^t is positive but in contraction Pi> or Pg > Pi and hence 
A^t is negative. From this it is concluded that in an isothermal 
expansion entropy increases and in contraction it decreases. 

(if) For. an Isobaric Process i.c., when Pi = Pg- For such 
process Eq. (4*12) reduces to 


= nC In S 


[Hi) For an Isochoric Process i.e., when Fi 
such a process Eq. (4*10) reduces to 


A^v 


nCv In ^ 


...(4*15) 
Fg. For 

...(4*16) 


Example 1. Calculate the entropy change when 2 moles of 
an ideal gas are allowed to expand from a volume of 1 litre to a 
yolumc of 10 litres at 27'C. 

Solution. \Vc know that for an isothermal expansion of an ideal gas 


ASt 


nR In .■ 


P2 


Here 


^ 

Ki = 1 lit 
Vz = 10 lit 
n = 2 moles 

R c= 1'987 cal dcg“1 moIe~l 


2'303 nR logi,, 




ASy = 2-303 x2x 1-987 log, „ 
= 9-152 cal deg~l 


JIO 

1 


Example 2. Calculate the entropy change when 1 mole of an 
ideal gas is heated from 20°C to WC at a constant pressure. The 
molar heat at constant pressure of the gas over this temperature 
ran ge is 6'189 cal deg~^. 

Solotion. \Vc know that for an isobaric process 

= nCp In p- = 2-303 nCp log,o ^ 

■‘1 ■'1 

Here n => 1 mole 

Cp «= 6-189 cal dcg~l 
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T, = 273+20 = 293=K 
72 = 273+'50 = 313=K 

A Sp = 2-303X I x6-189xlog,o 

= 0'4077 cal dcg^ . 

Example 3. Calculate the entropy change when 5 moles of 
an ideal gas are allowed to expand isothermal I y at 20°C from a 
pressure of JO atm to a pressure of 2 atm. 

Solution. Wc kno\s’ that for an isothermal expansion involving pressure 
changes 

A5't = nTJ In ^ = 2^303 «R logio ^ 

P2 P2 

Here P\ = 10 atm 
/*2 = 2 atm 
« = 5 moles 

R = 1-987 cal dcg~1 molc'l 

10 

ASt = 2-303x5xl-937xlog,o 
= IGcaldeg-t 


Example 4, Calculate the entropy change when 3 moles of 
an ideal gas {Cy ^7'88 cal deg~t mole'i) are heated from a volume 
of 200 lit at 50°C to a volume of 300" lit at 150°C. 

Solution. Wc know that 


^ iS* “ wCy In “f- wT? In 

n= 2.303 n Cy log.o ^+ 2-303 nR log ~ 

Here n = 3 moles, 

Cy = 7.88 cal dcg“1 molc“t 
R — 1*987 cal dcg~1 mole" 1 
Ti = 273+50 = 3230K 
Ta = 273-fI50 = 423°K 
Fl = 200 lit 
F2 = 300 lit 

423 300 

A S = 2-303 x 3 x 7-88x log , 0 + 2-303X I-987x3xlog ^ 

r= 6-375+2-417 


= 8-792 cal deg-t 

Example 5. Calculate the entropy change involved in expand- 
ing 1 mole of an ideal gas fioni 15 litres at 2 atm pressure to 50 
lit at 1 atm pressure. (Cp = 7-4 cal deg~t mole~t) 

Solution. Wc know that 

72 . -Pi 
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Here n = 1 mole 

Cp = 7‘4 cal deg~1 inolc“1 
U = 1'987 cal deg“1 mole”! 

= 2 atm 
Pj = 1 atm 

For an ideal gas— jsj — = — 

72 7^2 Pi 50x1 5 

TT “ 15X2 3 

A5 = 2-303xIx7-4xlog,o-j-+2-303xlxl-987xIog,<, -j 

= 3-779+ 1*377 
= 5-156 cal dcg~1 . 


2' 


^--^Entropy Change in Heating a Solid or a Liquid. 
Whei^ solid ora liquid is heated without producing change in 
state, the heat change is given by 

Quantity of heat absorbed=Mass x Specific heat x Temperature rise 
= No. of moles X Molar heatx Temperature rise. 
Thus, if m gm of a solid or a liquid of specific heat s is heated 
reversibly through temperature dT, the amount of heat absorbed is 
given by 

dqpfp = msdT 


The entropy change dS 


dqpcv msdT 

— V cs» "ZZ"" 

T T 


or 


A5 


/ 


msdT 

~ 


...{4-17) 


Assuming that s remains constant within the temperature, limits 7\ 
and T2, Eq. (4T7) on integration gives 

A5 = ms In p- = 2-303 ms logio — .,.(4-18) 

■'i Tj 

Esample 6. Calculate the change in entropy when 2 moles 
of lead are heated from 27°C to 28°C. The specific heat of lead 
over this temperature range is 0 03 cal. gm-i and the atomic weight 
ofXeadis207. 

Solatlon. Wc know that 

l^S_— 2-303 ms log,o ^ 

Here m = 2x207 «= 414 gm 
j =: 0-03 cal grn~1 
Ti = 273+27 = 3003K 
T^ = 273 +28 = 301OK 

301 

t\S^ 2-303 x 414 x 0-03xIog,c ^ 

= 0-0428 cal dcg-"l. 
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Entropy Change Accompanying Change of Phase. A pro- 
ceWcff change of state e.g., melting of solid or vaporization of 
liquid may be carried out at constanf temperature reversibly as the 
two phases are in equilibrium for all times during the change. 
Suppose the process of change of state of 1 mole of substance is 
carried out reversibly, the amount of heat absorbed will be equal to 
the molar heat of fusion or vaporization and the temperature will be 
the melting or boiling point. Thus, the molar entropy change 
accompanying a fusion process is given by 

= ^ ...( 4 - 19 ) 

where Lf is the molar heat of fusion and Tf is the freezing or melting 
point on the absolute scale. Similarl)', the molar entropy change 
accompanying a vaporization process is given by 

A5 = ^ ...(4-20) 

j 

where L, is the molar heat of vaporization and Tj, is the boiling 
point on the absolute scale. 

In the same way the molar entropy change accompanying 
transition of one allotrope into another is given by 

AS = 

J I 

where is the molar heat of transition and T, is the transition 
temperature on the absolute scale. 

Example 7. Calculate the entropy change when 1 mole of 
ethanol is evaporated at SSTK. The molar heat of vaporization of 
ethanol is 9522 cal mole-^, ' 

Solation : Wc know that 

„ Tv 

^ Ti 

Here Lv — 9522 cal mole'"' 

Th = asi'K 
9522 

= 35 j- = 27-18 cal deg— mole-' 


Example 8. Calculate the total entropy change ' j 
of ice is converted into water at O^C. The latent hez: C " 
ice is SO cal gm'^. 

Solation : Wc know that molar entropy change 



) 


; 6 ) 



PHYSICAL CHEMISTRY 


ns 


Here latent heat of ice = 80 cal gm ' 

Molar heat of fusion Lf^ 80x18 cal mole"' 
r/-= 273»K 

„ 80x18 ^ . , , , 

l^S «= — 5-2/4 cal deg~' mole"’ 

The entropy change per mole = 5-274 cal dcg~' 

The total entropy change for 5 moles = 5x5-274 

= 26-37 cal deg- 

Example 9. Calculate the total entropy change when 5 moles 
of ice at 0°C and I atm pressure is converted into steam at 100°C. 
The molar heat of fusion of ice and the molar heat of vaporization 
of water are 1440 and 9720 cal mole~^. The molar heat capacity of 
water over this temperature range may be taken equal to 18 cal 
mole~^. 


Solation : The process is irreversible. To compute the entropy change, 
the given process may be imagined to be carried out reversibly in the following 
three steps : 


( i ) H,0 (s) at O'C H,0 (/) at O'C 

(/V ) HjO (f) at 0"C H,0 (/) at lOO'C 

(///) H.O (/) at lOO'C H,0 (g) at lOO'C 

The molar entropy change in process (/) is given by 
Lr 1440 

giS, ~ -ff ~ 5-274 cal deg-"’ mole"' 



The molar entropy change in process (/7) is given by 

T 

= 2-303 Cp Jogio jr 


373 

= 2-303 X 18 X log, 0 jyj 
= 5-616 cal deg"' mole"’ 

The molar entropy change ir\ process {Hi) is given by 
„ Lv 9720 

~ Tb ~ 26-00 cal deg"' mole ■' 

The total molar entropy change = A-S'>-{-A‘S'«-h A-Sj 

■= 5-274+5-616+26-06 

The entropy change per mole = 36-95 cal deg"' molc" 

= 36-93 cal deg"' 

The total entropy change for 5 moles = 5x36-93 


/■ = 104-75 cal deg"' 

Entropy Changes in Reversible Processes 

To evaluate the total entropy change of the universe, the 
entropy change of the system as well as of the surroundings .should 
be considered. When a system gains heat, tlie surroundings Joses 
heat and hence their entropies also change, Tlie total change in 
entropy will, tliercforc, be equal to the algebraic sum of entropy 
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changes of the system and the surroundings, i.c., 

= AS',,., tcm "f” /\^ surroundin^z 

Consider an isothermal reversible expansion of an ideal gas. 
The gas absorbs g,.„ heat at temperature T. The entropy change of 
the gas f.e., system is given by 

A 

ayzien — y 

Since the expansion is reversible, the system is in equilibrium with 
its surroundings at all times during the expansion. Hence, the sur- 
roundings loses an amount of heat equal to or we can say that 
the surroundings absorbs — grer of heat. The entropy change of the 
surroundings is given by 

^^Smrroundinis = 


The total entropy change of the universe, 

eystem "b aurrounditif.z 


or A5 = 0 ...(4:22) 

It is concluded that for a reversible process the total entropy change 
of the universe is zero. » o 


'ISntropy Changes in Irreversible Processes 

— Suppose an irreversible process is occurring at temperature T 
and let girrcv be the amount of heat absorbed by the system from its 
surroundings. The total entropy change of the system will 

be greater than the quantity . This can be shown as follows: 


Consider a system changes from state I to state 2 once revsrsf- 
bly and again irreversibly. From the first law of thermodynan'rs. 
the heat changes for the two processes may be written as 

drer ~ A'F-j-JIVfp — 

dirrci’ ~ A'^'f" l^irrtT “ 


Since initial and final states are same, subtracting Eq. (4*2-; F- 
(4‘23), we obtain 

drev dirrev ~ "irr’cr 

we know that between the same tv. o states theT-vri -' J 
system in a reversible process is greater than the v.— - ~ 
versible process, i.e.. 
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Applying Eq. (4‘26) in Eq. (4.25), we get 
<Jtcv — ‘lifcv > 0 
or qrcv > Ttrrev 

Dividing Eq. (4.27) by T on both the sides, we get. 


T 


> 


^irrcv 


T 


Since 

• • l^^systcm 


...(4-27) , 
...(4-28) 


...(4-29) 


I 


Now we shall calculate the total entropy change of the universe 
in an irreversible process. When q/rr^v amount of heat is absorbed 
by the system from its surroundings to carry out the process, the 
entropy increase of the system AS^yium will be same whether the 
process is carried out reversibly or irreversibly, because the entropy 
is a state property. However, the entropy change of the surroundings 
does not depend on the ch ange in the sta te_o f..the_system and jvary 
with the process by wliiclTfhe c hange is brought about.'The entropy 
chgnge ofllic surroundings may "Be EFst' asceftalndd by supposing 
that the initial state of the surroundings can be restored by supplying 
qirrev amount of heat in a reversjble manner at temperature T i.e., 
bf increasing the entropy ofthelsurrbundings by the amount q/rrev/T. 
Thus, in the process under consideration the entropy change of the 
surroundings surroundings will be numerically equal but opposite in 
sign of the above value i.e.. 


A^ surroundings 


l^irrev 

~T~ 


.•. The total entropy change of the universe 

= A^system "b A^surroundings 


= A^ 


system 


Q/rrer 

T 


Since ASsysum > vide Eq. {4-29) 

AS > 0 ...(4'30) 

Thus, in an irreversible or spontaneous process, the entropy of the 
universe increases. This can be illustrated' by taking the following 
examples : 

(/■) Isothermal Expansion of an Ideal Gas. Consider an 
irreversible isothermal expansion of an ideal gas. Suppose n moles 
of aiv ideal gas expands irreversibly from a voluihc Fi to a volume 
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T' 2 . Since AS,y,ic„ is independent of the path of the change, it is 
given by 

^Sjystcm ” I/* 


The entropy change of the surroundings will, however, be different. 
Let us take the extreme case of isothermal free expansion i.c., ex- 
pansion in vacuum. In this case no work is done by the gas /.c., 
u’ = 0. For an isothermal process = 0. According to the first 
law of thermodynamics, 

q = 

= 0+0 = 0 

This shows that no heat is absorbed by the system and as such no 
heat will be given up by the surroundings and consequently 


AS 


surroundings 


= 0 


The total entropy change of the universe 




AS, 


system 


-AS 


Fo ^ 

= riR In yt 
* 1 


or r AS )= hR In 


surroundings 


I '■ s/-' 

Since V<i > Fj, the value of A-S is positive. Hence in an irreversible 
expansion of an ideal gas the entropy of the universe increases. 

Flow of heat from a Higher to a Lower Temperature. 
This process is irreversible. Imagine a large body A at a higher 
temperature Th is brought in contact with another body B "at a 
lower temperature T\ so that a small amount of heat q is trans- 
ferred from A to B irreversibly. The bodies are imagined large 
enough so that the temperatures of both the bodies do not change 
with die gain or loss of a small amount of heat q. 

To compute the entropy change, let us imagine that this 
process is carried out- . reversibly in the following manner. 
Suppose an ideal gas iiXa, cylinder is first brought in contact 
with A at a temperature Tt and absorbs q amount of heat reversibly. 
The cylinder is then detadfied from A and the gas is allowed to ex- 
pand adiabatically and reversibly until the temperature reaches Jj. 
Since the expansion is adiabatic, the entropy change is zero. The 
gas is thpn brought in contact with B at a temperature 71 and com- 
pressed reversibly and isothcrmally until q amount of heat is trans- 
ferred to B. In the whole process, 

9 

the entropy change cxpcric.nccd by A i.e., AS *...= “ 7-' 
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and the entropy change experienced by B i.e., A Sb — ^ 

The total entropy change of the system 

AS = ASa + ASb 

^ , ( 7 . 

- Th '^T( 

_ -1 1 

” r, “ Th ...(4-31) 



Since the initial and the final states of the system are the same in the 
irreversible process also, the entropy change of the system in the 
irreversible process is still given by Eq. (4'31). 

Since Th > Ti 



...(4-32) 


In the given process, both the bodies A and B only have undergone 
any change and the surroundings remain unaffected hence we can 
say-thai-the-irraY crsible process is, accompan ied by entropy increase 
of the universe. ' ~ 


Entropy and The Second Law of Thermodynamics 


We have seen that in an irreversible process the total entropy 
of the system and the surroundings, / e., universe increases. Since 
all spontaneous processes are irreversible, we can say that sponta- 
neous processes occur with the increase in entropy. Conversely, it can 
be said that a process may occur spontaneously in the direction in 
which the entropy of the universe increases. This forms a criterion 
for a spontaneous change. Thus, the definition of entropy and its 
general behaviour constitute another expression for the second law 
of thermodynamics. The formal statement of the Second Law of 
Thermodynamics in terms of entropy may be given as follows : 


There is a thermodynamic function, called entropy S. The 
change in entropy is given by dS = dqrcvIT where dq,.^ is the 
amount of heat absorbed by the system reversibly at T°K. In all 
reversible processes, the entropy of the universe remains unchanged 
whereas in all irreversible processes, the entropy of the universe 
increases. 


This expression of the second law is most useful from chemist’s 
point of view. It immediately tells us that a chemical reaction would 
occur spontaneously in a direction characterised by the entropy in- 
crease. The change will continue until the entropy reaches rnaxi- 
mum as permitted by the system under consideration and finally 
equilibrium is established. 
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^^T^sical Significance of Entropy 

Now, two aspects of the entropy will be discussed which 
throw some light on its physical significance. 


(/) Entropy as a Measure of degree of Chaos or Disorder 
or Randomness. We have already seen that spontaneous or natural 
processes gradually pass into equilibrium state. The equilibrium 
state is the state of maximum randomness or disorder. To illustrate 
this let us take an example of the mixing of two gases — hydrogen 
and oxygen as shown in fig. 4T. The two gases arc contained in a 
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Fig. 4'1. Mixing of Two Gases. 

closed container and separated by a shutter S [Fig. 4T a]. When the 
shutter is removed, the gases diffuse into one another spontaneously 
and eventually mix up as shown in Fig. 4'J (6)’ 


What we observe in this process ? At the start, the molecules 
of two gases were occupied in separate compartments and after 
removing the shutter they diffused and become more mixed or in 
other words, the system has become more chaotic or disordered. 

Similarly, in the dissolution of NaCl in water as shown in 
Fig. 4'2, we see that at the beginning, water molecules arc occupied 
in onC part of the vessel and the ions of salt in the other part. The 
dissolution process is spontaneous and after some lime the molecules 
of water and ions of the salt are mixed up and the system becomes 
more chaotic. 


r* 
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Fie. 4‘2 Dissolution of NaCl in Water, 
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and the entropy 


change experienced by B i.e., A ■^b 



The total entropy change of the system 

A5 = A5a + A^b 

^ . 9 i 

~ Th ^T( -f" 

JL ^ 

T^ ~ Th 



...{4-31) 


Since the initial and the final states of the system are the same in the 
irreversible process also, the entropy change of the system in the 
irreversible process is still given by Eq. (4*31). 

Since Th > T\ 


AS = 


Ti 


_£ 


>P 


...(4-32) 


In the given process, both the bodies A and B only have undergone 
any change and the surroundings remain unaffected hence we can 
say-4hat-the-ir-rey.. ersible process j .s_ accompan ied by entropy increase 
“of the universe, 


Entropy and The Second Law of Thermodynamics 

We have seen that iji an irreversible process the total entropy 
of the system and the surroundings, / e., universe increases. Since 
all spontaneous processes are irreversible, we can say that sponta- 
neous processes occur with the increase in entropy. Conversely, it can 
be said that a process may occur spontaneously in the direction in 
which the entropy of the universe increases. This forms a criterion 
for a spontaneous change. Thus, the definition of entropy and its 
general behaviour constitute another expression for the second law 
of thermodynamics. The formal statement of the Second Law of 
Thermodynamics in terms of entropy may be given as follows : 


There is a thermodynamic function, called entropy S. The 
change in entropy is given by dS = dq^cvIT where is the 

amount of heat absorbed by the system reversibly at T°K. In all 
reversible processes, the entropy of the universe remains unchanged 
whereas in all irreversible processes, the entropy of the universe 
increases. 


This expression of the second law is most useful from chemist's 
point of view. It immediately tells us that a chemical reaction would 
occur spontaneously in a direction characterised by the entropy in- 
crease. The change will continue until the entropy reaches maxi- 
mum as permitted by the system under consideration and finally 
equilibrium is established. 
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Now, two aspects of the entropy will be discussed which 
throw some light on its physical significance. 


(i) Entropy as a Measure of degree of Chaos or Disorder 
or Randomness, We have already seen that spontaneous or natural 
processes gradually pass into equilibrium state. The equilibrium 
state is the state of ma.\imum randomness or disorder. To illustrate 
this let us take an example of the mixing of two gases — hydrogen 
and oxygen as shown in fig. 4T. The two gases are contained in a 
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Fig. 4M. Mi-xing of Two Gases. 

closed container and separated by a shutter S [Fig, 4*1 a]. When the 
shutter is removed, the gases diffuse into one another spontaneously 
and eventually mix up as shown in Fig. 4’1 {by 


What we observe in this process ? At the start, the molecules 
of two gases were occupied in separate compartments and after 
removing the shutter they diffused and become more mixed or in 
other words, the system has become more chaotic or disordered. 


Similarly, in the dissolution of NaCl in water as shown in 
Fig. 4*2, we see that at the beginning, water molecules arc occupied 
in ont part of the vessel and the ions of salt in the other part. The 
dissolution process is spontaneous and after some time the molecules 
of water and ions of the salt arc mixed up and the system becomes 
more chaotic. 
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From these examples, it is clear that when spontaneous process 
occurs the system becomes more chaotic or in other words the degree 
of disorder or chaos or randomness increases. On the other hand? 
in spontaneous processes the entropy also increases. Thus, the 
entropy may be regarded as a measure of degree of disorder or 
f randomness. 

By definition it is clear that when heat is given to the system, 
\ the entropy of the system increases and hence the disorder or chaos 
1 1 also increases. Thus, when a solid is melted or a liquid is evaporated, 
' the entropy of the system increases. This is illustrated in Fig. 4'3 
A piece of copper is composed of Cu atoms arranged in regular 
manner when it is in solid state. The atoms have fixed positions 
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Fig. 4'3 Increase in Degree of chaos from 
Solid to Gaseous state. 


and their vibrations are small. When heat is supplied to melt it, the 
atoms remain no longer fixed to a particular location as shown by 
\ marked atoms A and B and move from one place to another. Thus, 
chaos has increased. Continue heating the copper till it boils and 
converts into gaseous state. The atoms are now more free to move 
at random and the disorder has further increased. Since the ran- 
domness of a substance increases from solid to gaseous kate, the 
entropy also increases in the same order. Thus, the entropy of a 
substance is higher in gaseous state and lower in solid state. 

.(n^-'^ntropy as a Function of Thermodynamic Proba- 
bility. 


The thermodynamic probability of a system is defined as 
the maximum number of different ways in which a system in the 
given state may exist. To understand the meaning of thermody- 
namic probability let us take four indistinguishable coins in a box 
and shake them. There are, in all, the following five possible states 
(complexions or microstates) in which the coins may be found 
arranged in the box. 


(i) All the four coins showing heads. 

Hi) Three coins showing heads and one showina tail. 
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’ (///) Two coins showing heads and two showing tails. 

O’v) One coin showing head and three showing tails. 

(v) All the four coins showing tails. 

On the other hand, if the coins are distinguishable, then the 
possible number of ways (microstates) or the probability of getting 
the above five states would be as given below. Here, H and T stand 
for head and tail showing respectively and subscripts 1, 2, 3, and 4 
distinguish the four coins. 


State 

Arrangements 

Total numbr 
of arrangements 
(microstates) 

(/) 4 heads 

H1H2H3H4 

...1 


(«7) ‘3 heads, I tail HiH2H3l4, H1H2T3H4, HiT2H3H4^TiH2H3H4 ..A 

(Hi) 2hcads, 2tails H,H2T3T4, H1T2H3T4, H,T2T3H4, T,H2H3T4. 

T,H2T3H4, Tif2H3H4 ...r. 

(/v) 1 head, 3 tails T1T2T3H4, T1T2H3T4, T1H2T3T4, H1T2T3T4 ...4 

(v) 4 tails. TiT2t3T4 ...1 

« 

The probability of getting 2 heads and 2 tails is highest and is 
six times as great as of getting either 4 heads or 4 tails. Now, if a 
large number of such boxes containing four distinguishable coins arc 
shaken, the number of boxes showing 2 heads and 2 tails would be 
maximum because this state has large number of arrangements or 
higher probability. 

We know that in a spontaneou s pr ocess , the entropy increases 
and becomes maximum at cqUiTiFrium . Equilibrium position, as , 
already stat^, is a' state ol maximum disorder or chaos. The maxi*/ 
mum disorder is attained when the molecules are distributed in \ 
maximum possible ways i.c., when the thermodynamic probability J 
becomes high. Thus, we see that the system moves from a less 
probable state to a more probable state. Entropy, on the other hand, 
also changes from a lower value to a higher value. Hence entropy 
may be taken as the function of thermodynamic probability i.c., 

where W is the thermodynamic probability. 

Consider two systems having entropies Si and So, and thermo* 
dynamic probabilities Wj and Wn. Then 

5a=/(lTi) 

S2=/(n'2) 
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The two systems are now mixed and let the resulting entropy and the 
thermodynamic probability of the combined system be S and IV 
respectively, then 

S=/(1K) ...(4’33) 

Since entropy is an addit ive propj aii', the total entropy of the 
combined system is giv^^iTby 

S ^ Si+S2=fm)+fm ...(4*34) 

The probability is a m ultiplicative f actor hence the resulting thermo- 
dynamic probability of the combined system is given by 

W==Wj_xW. ...(4-35) 

Substituting for S from Eq. (4*34) and W from Eq. (4*35) in 

Eq. (4*33); we obtain 


/ ( Wx)+f { ]Vo) ^ f ( W\ X IFo) ...(4*36) 

This condition ca n be satisfied only whe n the function is logarithmic. 
Hence, it may be fvriiteji that ^ ^ 


S = k In IF+C 


...(4*37) 


where k and C are constants. The constant k is found to be Boltz- 
mann constant. Further in case of a perfect crystal the ent ropy is_ 
z ero a t 0°K,., (thirjdjaw). The_ 0 £tXc.cl._ciy:s tal has "on ly one 
arrangem ent at 0°K. h ence the value of S can be zero oiily when tlie 
value ofCis zero. Hence, the value of C is zero and Eq. (4*37) 
takes the form 

/ S = /c In ...(4*38) 

This is called the Planclre^BoItzmann equation and gives a 
quantitative relationship between the entropy and the thermodynamic 
probability of a system. 


Molecular Basis of Entropy 

' ^ Thermodynamics deals with the propertie.N of bulk matter or 
macroscopic states and the knowledge of structure of matter is not 
required. But our understanding of thermodynamic functions, such 
as entropy, can be enhanced if we express entropy in terms of mole- 
cular properties. 


The thermodynamic state can be described in two ways : 
(/) macroscopic description and [ii) microscopic description. 
For example, consider a gaseous system in equilibrium. The macro- 
scopic description of this system may be given by specifying the state 
properties, like P V, and T. On the other hand, the microscopic 
description involves a detailed analysis of the distribution of mole- 
cules in various energy levels corresponding to the different positions 
and velocities of all the molecules at any instant. Since molecules 
arc moving at random with changing velocities, a particular micro- 
state is valid only for an instant and changes rapidly. Since the 
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system is in equilibrium, the state properties do not ch.ingc, hence 
the macrostate remains constant but the microstates are changing. 
This shows that for a particular macrostatc there arc a number of 
raicrostates associated with it. 

These various microscopic states, depending on the number of 
available energy levels, are the number of ways in which a parti- 
cular macrostate of system can be rcalir.ed and hence is a measure 
of probability. As we know that the probability is the measure of 
entropy of the system, the greater the number of available energy 
levels, the greater is the number of microstates or probability and 
consequently the entropy will be higher With this molcculr.r 
interpretation of entropy, we can explain the entropy behaviour in 
a number of phenomena. 

When a gas expands spontaneously into a vacuum, the entropy 
of the system increases. It can be explained on the fact that in the 
process of expansion the volume of the gas increases and consequently 
the number of positions, in space, available to a molecule increases. 
This results in the increase in the number of microstates and hence 
increase in the probability. Since the probablity increases, the 
expansion is associated with the increase in entropy. 

When heat is given to the system to raise its temperature, the 
energy of the system increases and a few more energy levels become 
available to the molecules. This leads to the increase in the number 
of microstates and hence the entropy increases. 

The entropy depends on the molecular complexity of a subs- 
tance. Atoms arc spherically symmetrical hence their orientation 
contributes nothing to the disorder of the system. On the other 
hand; diatomic and pol3’atomic molecules arc associated with rota- 
tional and vibrational energies. Since these energies are quantized, 
there is a larger number of possible energy levels for these molecules 
and hence the entropy is high. 

The symmetry of a molecule also atfecis its entropy. The 
molecules with sj'mmetry have smaller entropv because they are :r 
comparatively ordered form. Cyclic molecules, being rnore symre- 
trical, have lower entropy than those of the corresponding norr-r/e 
isomers. 

The entropy of a mixture of i'%o gases is higher thar 
of the entropies of individual ga^es under similar cc~z~~- 
temperature and pressure. The difference of these twe rrT ' ‘ 
known as entropy of mixing. The increase in errrr" ' 
explained on the fact that the disorder increases eshr- •• 
hence the entropy increases. 



PHYSICAL CHEMISTRY 


148 

"7^ >^/ioRK AND FREE ENERGY FUNCTIONS 
Need of the New Functions 

As already discussed that all the natural or spontaneous 
processes proceed towards the condition of maximum stability i.e,, 
equilibrium. In an isolated system, a spontaneous change is accom- 
panied by an increase in entropy and hence at equilibrium the entropy 
becomes maximum. In an isolated system the internal energy 
remains constant. Thus, we can say that in a system of constant 
energy, the equilibrium position is that of maximum entropy. On 
the other hand, in mechanical systems a spontaneous process is 
accompaincd with a decrease in potential energy of the system and 
at equilibrium the energy of the system becomes' minimum. In 
chemical systems, however, this statement is inadequate because 
some endothermic reactions are also spontaneous. In endothermic 
reactions, the heat is absorbed and thus the energy of the system 
increases. However, for the chemical system we can state more ' 
safely that in a system of constant entropy the equilibrium position^ 
is that of minimum energy. 

In most chemical processes neither the entropy nor the energy 
is held constant and both change simultaneously during the process. 
Further, for some reactions both these factors are favourable and in 
other reactions one is favourable and the other is not. For example, 
in the following spontaneous process at 25‘’C, 

Hjtg) 4- iOa (g) H 2 O (/) 

I 

’the heat of reaction is -68320 cal mole-i and the entropy change 

is -39'0 cal deg-i. In this reaction the energy change is favourable 
because it is decreasing but the entropy change is unfavourable 
because i£is also decreasing. Take another example of vaporization 
of benzene; 


CgHg (/) *= CeHe (g) 

which is a spontaneous process. For this process the enthalpy 
change and the entropy change are +8100 cal mo!e-i and +23-04 
cal dcg~i respectively. In this case, the energy change is unfavoura- 
ble because heat is absorbed but the entropy change is favourable 
because it is increasing. 

These examples clearly show that neither energy change nor 
entropy change alone can determine the direction of spontaneous 
change. Now what is needed is to relate these two factors in some 
way so that they act together to drive the system to equilibrium. 
To do so, two thermodynamic functions, called Helmholtz free 
energy or work function, A and Gibbs free energy G (also 
denoted by F) have been introduced. 
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Definition of the Two Functions 

These two functions are defined by the following relations : 

A ^ E-TS^ ^ ...(4-39) 

h ..,(4-40) 

where £, H, S, and T are as usual, the internal energy, enthalpy, 
entropy and temperature of the system respectively. Since E, H, S 
and T are thermodynamic functions, A and G are also thermody- 
namic functions. Since changes in E, H, and S can only be mea- 
sured and dealt with, so is the case with A and G. We can only 
measure and deal with /\A and AG and not A and G. Equations 
(4*39) and (4‘40) may be modified depending on the conditions of 
the change. 

Suppose a system undergoes a thermodynamic change from 
state 1 to state 2. Let the work function, internal energy, entropy, 
and temperature in state 1 be represented by Ai, Ei, Si and 7i res- 
pectively and in state 2 by A 2 , Eo, •S’a. and respectively. From 
Eq. (4‘39), we can write 


Ai = Ei-TiSi ...(4-41) 

''A^^E^-T^Sz ...(4-42) 

Subtracting Eq. (4 '41) from Eq. (4*42), we get 


As — Ai = (E2 — Ei) — (T2S2 — TiSj) 
or AA = AE- A(TS) ...(4-43) 

In an isothermal process where = Ti — T, Eq, (4’43) can be 
written as ' 

= AE- TAS^ ...(4-44) 

Exactly in the same manner Eq. (4'40) can lead to 

AC = AH-TAS^^^^ ...(4-45) 

Relation betWccn AG and A A * 

Subtracting Eq. f4'44) from (4-45), we get 

AG-A^ = AH-AE,. ...(4'46) 

we know that at constant pressure 

Aff = AE+PA V --^....(4'47) 

substituting the value of A^ from Eq. (4'47) in Eq. (4'46). we get 
AG~A>4 = AE+PAV-.AE 
or AG =AA + PAV ...(4-48) 

This relation is true only to processes occurring at constant tempera- 
ture and constant pressure. 

In case of solids and liquids where the volume change is 
negligibly small, PAV is taken as negligible in Eq. (4'48), then 

AG»= ...(4'49)' 
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Most of the chemical processes are carried out at constant 
atmospheric pressure and the heat of reaction is usuallj' measured 
Hence, Gibbs free energy AG is mostly use.d. Gibbs free energy 
is commonly known as free energy.. Now we shall restrict our 
discussions to free energy only. However, similar arguements are 
applicable to AA also. 

Example 10. For a chemical reaction the value of AH and 
AS are — 17'90 kcal and ~44 50 cal deg~t respectively. These values 
do not change much by temperature changes. Calculate the value 
of AG of the reaction at (a) 300°K and (b) I000°K 

Solution. Wc know that 

A(?= LH-TLS 

(a) In this case 

Aff = —17-90 kcal = —17900 cal 
A5 = — 44-50 cal dcg~l 
and T = 300OK ’ 

A<? = —17900— 300x(— 44-50) 

= —17900+13350 
= — 4550 cal 

(b) In this case T = lOOO^K 

AG = —17900— 1000 X (-44-50) 

= —17900+44500 
= +26600 cal. 

Physical significance of Free Energy 

(' ) AG as a measure of the tendency of a spontaneous 
process to take place 

Examination of the relation 

AG = AH- TAS 

Energy Entropy 
term term 


shows that free energy change is made up of two terms : an energy 
term and an entropy term. We know that in a system of constant 
entropy the spontaneous change is accompanied by decrease in energy 
and in a system of constant energy, the spontaneous change is acco- 
mpanied by increase in entropy. In a given process, if both these 
changes occur simultaneously, i.e., when AH is negative and AS is 
positive, it can be safely assumed that the spontaneous change would 
occur. When AH is negative and AS is positive and since T is 
always positive, it is evident from the above equation that AG will 
be negative. It can, therefore, be concluded that for a spontaneous 
change AG is negative. 

Free energy as a balance between the energy and entropy terms 
is illustrated in Fig. 4'4. The position of the suspended rod depends 
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on the magnitude and the direction cf the forces acting u|>v''n it. 
This can be compared with the free energy change, the sign and 
magnitude of which depend on the energy and entropy terms. Fig. 
(a) shows the position of equilibrium when i.c., 0. 



Fig. 4'4 Pictorial Representation of I'rcc 
Energy as a Balance between Energy and 
Entropy 


Fig. [b) and Fig, (c) show that AO is negative and cquililn'iuin is 
disturbed towards right. Fig. {d} shows that AO is positive aiul ll)c 
equilibrium is disturbed towards left. The swing towards right 
(when AO is negative) shows the spontaneous process to occur in the 
forward direction and the swing towards left (when AO is positive) 
shows the spontaneous process to occur in the opposite direction. 

Thus, we see that maybe taken as a measure of (he 
tendeney of a spontaneous process to occur. To summ.'iri/.e, 

When AO < 0 i.e., negative, fthe process tends to occur 

spontaneously 

AG=0 the system is at equilibrium 

AO > 0 i.e., positive, the process tends to occur 

spontaneously but in opy/Aie 
direction. 

Example 11. Calculate the free energy chanze of thifr 
ing reaction at 25''C 

^0-J g) = SO?/gj _ 

her this reaction the enthalpy change and er.trcyj 
%^'<enar~2lAVjozlc~d—22’7caldegr^re’pecti'>iJ- 

is ik:s reacticn thermodynamically poozl'ds •' , 
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Solution. VVe know that 

AC?=^/7— rA5 
Here = —23490 cal moIc-1 
/^S = — ^22-7 cal deg"! 

T = 273+25 = 298=K 
AG = —23490—293 (—22-7) 

= —16726 cal. 

Since the free energy change is negative the reactiori is thermodynamically 
possible at 25°C. 

(ii) 8 measure of the useful work of a process 

By definition 

G = H-TS 
we know that H=-E+PV 

G=E+PV-TS ...(4-50) 

Differentiating both the sides of Eq. (4'50), we get 

dG=dE+PdV+VdP-TdS-SdT ...(4-51) 

For a process occurring at constant temperature and constant 
pressure i.e., where =0 and r/?=0, Eq. (4‘51) reduces to 
dG=^dE+PdV-TdS ...(4*52) 

For a reversible process, from the definition of entropy 
TdS^dqrcv 

Substituting in Eq. (4-52), we get 

dG=dE+PdV-dqrcr ^ * ...(4'53) 

From the first law of thermodynamics 

dE^dqj,cv d\V max 

Substituting fot'dE in ^q. (4‘53), we get 
dG^^dq^cv^ dyVmax'E P dq^cy 

or —dG=dWmax~Pdy ...(4-54) 

PdV represents the work associated with the volume change of 
the system against a constant pressure P which is wasted. ciitWx 
is the maximum work done by the system. Hence, dWmax-PdV 
gives the useful or net work ; ' - ' 

dWmax—PdV=dWu,cM 

—dG ■= ...( 4 - 55 ) 

Thus, decrease in iree'cn'ergy oT the system is a measure of the net 
useful work obtainable from it at constant temperature and pressure. 
An example of useful work is the electric work done in a galvanic 
cell. 

Dependence of Free energy on Pressure and Temperature 

By definition 
G = H—TS 
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Since H = E-^PV 

G = E^PV—TS 
For a genera] change 

dG = dE-^PdV+VdP—TdS—SdT ...(4-56) 

From the first law of thermodynamics, ' 

dE = dq-d\v ...(4*57) 

It is assumed that the process is reversible and no work other 
than that of volume change is occurring, hence 
dq = TdS , 
and dw = PdV' 

Substituting in Eq. (4‘57), wc get 

dE = TdS— PdV ...(4-58) 

Combining Eq. (4-56) and Eq. (4-58), we get 

dG = VdP—SdT , ...{4-59) 

This equation takes difTcrent forms under different conditions : 


(i) At constant temperature : 
(4'59) takes the form 

dG := VdP . 



/.c., when dT = 0. Eq. 

...(4-60) 


(f/) At constant pressure /.e., when 
takes the form 

dG = —SdT . 



dP = 0., Eq. (4-59) 


...(4 61) 


Free Energy change with Pressure For an Ideal Gas 
At constant temperature, it ’follows that 

dG = VdP ...(4-62) 

If the pressure changes from Pi to Pg, the corresponding free energy 
will change from Gi to Go. Integrating Eq. (4-62) between these 
limits, we get 


Gr Px 



For an ideal gas. 


V 


nRT 

p- 


...(4-63) 
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Solution. Wc know that 

Here — 23490 cal mole"^ 

C\S = — 22-7 cal deg"! 

T = 273 +25 = 2980K 
t^G = —23490—298 (— 22-7) 

= —16726 cal. 

Since the free energy change is negative the rcactiorf is thermodynamically 
possible at 25°C. 

(ii) Af? 2S a measure of the useful work of a process 

By definition 

G = H-TS 
we know that H~E+PV 

G=E+PV-TS ...(4-50) 

Differentiating both the sides of Eq. (4‘50), we get 

dG^dE+PdV+VdP-TdS-SdT ...(4'51) 

For a process occurring at constant temperature and constant 
pressure i.e., where and dP=0, Eq. (4‘51) reduces to 

dG=dE-hPdF- TdS ...(4*52) 

For a reversible process, from the definition of entropy 
TdS=dqrcv 

Substituting in Eq. (4'52), we get 

dG==dE->rPdV-dq,cv ^ ' ...{4-53) 

From the first law of thermodynamics 
dE~dqrcv~~ du’max 

Substituting for dE in Eq. (4’53), we get 
dG=dqr„ - dWmax+PdV- dqrcv 
or —dG=dw„ax—Pdy ...(4'54) 

PdV represents the work associated with the volume change of 
the system against a constant pressure P which is wasted.rfii’„flx 
is the maximum work done by the system. Hence, dn’„ax-PdV 
gives the useful or net work : ' • ’ 

dH’rnax~~P dV—dWug^f^j 

= di^f^j ...( 4 ’ 55 ) 

Thus, decrease in ffeFciicrgy^ the system is a measure of the net 
useful work obtainable from it at constant temperature and pressure. 
An example of useful work is the electric work done in a galvanic 
cell. 

Dependence of Free energy on Pressure and Temperature 

By definition 
G = H—TS 
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Since H = E-^rPV 

G = E-i-PV~TS 
For a genera] change 

dG = 'dE->rPdV+VdP—TdS—SdT ...(4-56) 

From the first law of thermodynamics, ' 

dE = dq—dw ...{4*57) 

It is assumed that the process is reversible and no work other 
than that of volume change is occurring, hence 
dq = TdS , 
and dw = Pd V 
Substituting in Eq. (4*57), we get 

dE = TdS—PdV ...(4-5S) 

Combining Eq. (4-56) and Eq. (4-58), wc get 

dG = VdP—SdT . ...(4-59) 

This equation takes dificrent forms under different conditions : 

(/) At constant temperature : i.e., when dT = 0. Eq. 
(4‘59) takes the form 

d'G = VdP , 


or 




...{4-60) 


(//) At constant pressure /.e., when dP = 0., Eq. {4’59) 
takes the form 

dG = —SdT . 


or 




...(4 6!) 


Free Energy change with Pressure For an Ideal Gas 
At constant temperature, it 'follows that 

dG = VdP ...(4-62) 

If the pressure changes from P^ to Pj, the corresponding free energy 
will change from Gy to Go.- Integrating Eq. (4*62) between these 
limits, we get 


Gr 


Pz 

= f VdP 


G% ^ I 

For an ideal gas, 

^ P 


...(4-63) 
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Substituting for V in Eq. (4’63), we get 


/ J 


or AG == G 2 -G 1 = nRT\n 


or AG = 2‘303 nRT logio 


.(4-64) 


Since G is state function, Eq. (4'64) gives free energy changes whe- 
ther the process is carried out reversibly or irreversibly. 

Example 12 — Calculate the free energy change when 4 
moles of an ideal gas expands from a pressure of 10 atm to 1 atm 
at 2S°C. 

Solution. Wc know that 
AC = 2-303 nRT log,. 

Here rt = 4 moles 

R = 1-987 cal deg~1 mole“t 
T = 273+25 = 298°K 
Pf <= 10 atm 
P 2 = 1 atm. 

.-. l\G = 2-303 x 4x 1-987 x 298X log,. 1/10 
=-5440 cal 

The Gibbs-Helmholtz Equation — 

At constant pressure, the change of free energy with tempera- 
ture is given by 

\dTlr ...(4-65) 

Suppose a system changes reversibly and isothermally from 
state I to stale 2. If free energy and entropy of the system in state 
1 are Gi and Si respectively and in state 2, G 2 and Sz respectively, 
then the entropy change of the system is given by 

A5 = 52-Si ...(4-66) 


From Eq. (4-65), we can write 


- -(i£r4 

\ dT /, 


and Sr 


(iS), 
\ ar h 


Substituting these values of Si and S 2 in Eq. (4-66) we gel 
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or 

or 


A5- 


r diG„-G,) 

L dT 

( d/sG \ 

\ dT )r 




...(4-67) 


For an isothermal process 

AC? = A// - TA-S" 

Substituting the value of t^S in this equation from Eq. (4'67), wc 
get 




...(4-68) 


This equation was derived independently by J.W, Gibbs and H. Von 
Helmholtz and is known as Gibbs-Helmholtz equation. 


A corresponding derivation employing the work function A and 
internal energy E for an isothermal reversible procese at constant 
volume yields another form of Gibbs-Helmholtz equation : 


A^ « A£^+r( JA£) 
\ dT ' 


(4-69) 


Importance of Gibbs-Helmholtz Equations 

Gibbs-Helmholtz equations are applicable to any physical pro- 
cess. Some important uses are given below : 

(i) Eqs (4*68) and (4*69), though derived for reversible processes 
arc applicable for irreversible process also because they involve AC?. 
A-fi?. /\A and /^E which do not depend on the path of the process. 

(//) They help to calculate the values of or AE provided 
AC? or and their respective temperature cocfilcicnts are known. 

Example 13. For the following reaction. 

^2{S) + 3H2(g) - 2NH3(g) 

the free energy changes at 25°C and 35°C arc — 3’98 and 
— 3-37 kcal. Cal ad ate the heat of reaction at 35° C. 

SolotiOD. Wc know that 

AG A Cf + T ^ 

/ 5AG \ (G^Gj) 

Here t7i = — 3‘93 kcal 
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r, = 273+25 = 293=K 
Tz = 273+33 = 3033K 

/ SAG \ — 3-37'— (— 3-98) _ 0-61 

V ~W /p ^ 308 — 298 10 

= 0-061 

At 350 c, 

AG = — 3-37 kcal 
T = 308°K 

— 3-37 = AG'+ 308 (0-061) 

AW = — 3-37 — 18-79 = — 22*16 kcal 


{Hi) If A<J of a process is. known at a given temperature then 
its value at another temperature can be calculated provided that 
the difference of temperature is so small that the rate of change of 
free energy with temperature remains practically constant over this 
temperature range. 

Example 14, For the following reaction. 

H2(^) + = HoO{/) ' , ; 

the values of enthalpy change and free energy change are 
—68‘32 and --56’69 kcal respectively' at 25°C. Calculate the 
value of free energy change at 30°C. 


Solution. We kno^s' that 

AC = AW +7" ( 

Here AG = — 56-69 kcal 
AW = — 68-32 kcal 
r = 273 + 25 = 298°K 


—56-69 


— 68-32+298 



— 56-69 + 68-32 
298 


= 0-039 


Assuming that remains constant over this range of temperature, at 

30^C \v-c can write , 


AC = — 68*32 + 303 X 0-039 
= —68-32 + 11*81 
= — 56*51 kcal. 


(iv) With the help of Gibbs.Helmholtz equation the heat change 
of the reaction can be calculated from the emf of the~iQalvah^ 
cell~ ^ ^ 

Suppose n faradays or coulombs of electricity is yielded bv 

a cell reversibly at constant temperature and pressurp. If g is the 
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emf of the cell, then the electrical work done will be Under 

reversible conditions, this work done will be maximum and equal to 
the decrease in free energy, i.e., 

-AG = 71^ g 


Substituting for AC? in Eq. (4-68J. \vc get 


= AB- 

or 5 = r- M + rpo 

\ dT I, (4-70) 

Thus, if we know the value of 5 ^md its temperature cocfiicicnts 



the value of heat change Aff of a reaction occurring in 


the cell can be calculated. The details arc given in chapter 7. 

Besides these applications, Gibbs-Hclmholtz equations arc use- 
ful in many ways which arc beyond the scope of this book. 


TEST YOUR KNOWLEDGE 

■ 1. Complete the folIo\Ylng ; 

(J) ■■■■ 


dQrav 

T 


T 

( d) A'S' “ «”'ln + n...ln jp|- 

T 

{Hi) C\S = nCp In ^ + nR In... 


{iv) 


(O 

5 ^ 

...In W 

(W) 



(v/O 

l\A ^ 

... — Tt\S 

(v/iO ■ 

~dG^ 

... — PdV 

(/X) 

dCi •= 

dP-S... 


/"iG \ 


(A) 

(^).1 

l-,r* -V 

/ w.* \ 


.= ”'5 
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+ Q^)p 

[xiiiy^.^ i^E -h T ( 

(^'V) 


2. Give a term for each of the following : 

* 

( / ) Processes occurring without the assistance of any external energy. 

(;7 ) The fraction of heat absorbed converted into work by a heat 
engine. 

{Hi) The amount of heat absorbed reversibly by a system divided by 
the absolute temperature at which it is absorbed. 

(iV) Maximum number of different ways in which a system in a given 
state may exist. 

(v ) Measure of useful work obtainable from a system. 

3. Fill in the blanks with appropriate words : 

{ I ) Spontaneous processes ,arc and can be reversed only when 

work is done the system. 

(// ) All natural or spontaneous processes tend to proceed to a state of 

(///) Heat can flow from a body at temperature to a body at 

temperature. 

(iv) dq is ah......diffcrcntial but t/^/Tis an.. ....differential. 

(V ) In a reversible process, the entropy change of the universe is 

(v/) is a measure of degree of disorder or chaos. 

(v/V) The entropy of a substance in the liquid state is higher than its 
entropy in state and lower than that in state. 

(v;77) Equilibrium position is a state of. disorder or chaos. 

{ix) More the number of microstates associated with a raacrostatc 

is the probability. 

{x ) Entropy is a of thermodynamic probability. 

{xi) In a system of constant entropy, the equilibrium position is that 
of. energy. 

{xii) In a system of constant energy, the equilibrium position is that 
of. entropy. 

(xiii) At equilibrium the change in free energy is 

{xiv) In a spontaneous process, the free energy 

{xv) is a measure of useful work. 

KEY 

1. (0 dS. (//) Cv, R. (/70 P,/P,. (iv) T. (V) k. (vi) {vil) 

{vili) . {ix) V, dT. (X) V, {xi) —S, {xii) i\G, {xiii) M 

{xiv) 
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2. (0 Spontaneous processes, (lY) Efficiency of heat engine, {/70 Entropy 
change of the system, (tr) Thcrinod>Tiamic probability, (v) Free 
energy. 

3. (/) irreversible, on, (ii) equilibrium, (W) higher, lower, (fy) inexact, 
exact, (v) constant, (v/) Entropy, (vii) solid, gaseous, (r/Vi) maximum, 
(ix) more, (x) function, (xi) minimum, (xii) maximum, {xiit) rero, 
(.xiv) decreases, (xv) Free energy. 

Q,UESTIONS 

1 . Write notes on : 

( t ) Spontaneous processes. 

(il ) Irreversible and reversible processes. 

(Hi) Second law of thcrmod^tiamics. 

(/V) Entropy. 

- (y) Physical significance of entropy, 

(»•/) Free energy and its Physical significance. 

2. Give the various statements of the second law of tbermodyuamics and 
show that all of them lead to the same goal. 

3. State second law of thermodynamics and explain the conditions under 
which heat can be converted into svork. 

4. Derive the concept of entropy from the second law of thermodynamics. 

5. Give the concept of entropy and its relation to the concept of random- 
nesc or chaos. 

6. How entropy is related to thermodynamic probability ? Derive the 
expression 5 = A' In IF, 

7. Define entropy and give its physical significance. 

8. Discuss the entropy change in 
( / ) reversible processes, and 
(ii ) irreversible processes. 

9. State the second lasv of thermodynamics in terms of entropy change. 
Show that the entropy is a state function. 

10. Derive expressions for the entropy changes for r. moles of an ideal 
gas in 

(i) isothermal process, 

(if) isobaric process, and 
(iif) isochoric process. 

,11. Write a note on molecular basis of entropy. 

12. Define tbc following terms : 

( / ) Gibbs free energy. 

(ii ) Helmholtz free energy or work function 

What is the need of these functions ? Deduce the relationship bet- 
.......n ( 1 ,#. Under w-hat conditions AG ? 
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13. 'Discuss 

( i) as a measure of useful work of a process. 

{// ) as a measure of tendency of a spontaneous process to occur. 

14. Obtain expressions showing the dependence of free energy on pressure 
and temperature. 

15. Derive Gibbs-Hclmholtz equation and discuss its applications, 

16. Calculate the entropy change when 2 moles of an ideal gas 
(Cp — 7 cal deg-' mole“’) as it changes from 300“ K and 0’5 atm to 
1000“K and 5 atm. 

[Ans. 7’708 cal dcg~'] 

17. Calculate the entropy change when 14 gm of nitrogen arc allowed to 
expand from a volume of 2 lit to a volume of 20 lit at 270C. 

[Ans. 2'289 cal dcg~'] 

18. Calculate the entropy change when 16 gm of helium (Cp •= 5 cal 
deg"' moIe“‘) arc heated from 20“C to 90“C (I) at constant volume 
and (il) at constant pressure. 

[Ans. (/) 4-285 cal deg"', (it) 2-581 cal deg"'] 

19. Calculate the entropy change involved in expanding 5 moles of an 
ideal gas from 30 lit at 4 atm pressure to 100 lit at 2 atm pressure. 
(Cp — 7-4 cal deg"' mole"’). 

[Ans. 25-789 cal deg"’] 

20. Calculate the entropy change when one mole of an ideal gas 
(Cv = 5-41 cal deg"' mole"') is e.xpanded from a volume of 50 lit at 
50®C to a volume of 100 lit at 200’C. 

[Ans. 3 442 cal deg"’] 

21. Calculate the entropy change c.xpericnced by 4 moles of an ideal gas 
(Cp — 9-88 cal deg"' mole"') when heated from lOO'C at 1 atm pres- 
sure to 400'’G at 2 atm pressure. 

[Ans. 17-819 cal deg"'] 

22. Calculate the entropy change when 20 gm of aluminium is heated 
from 50“C to 100°C. The sp. heat of A1 over this temperature range 
is 0-168 cal gra"'. 

[Ans. 0-4842 cal deg"’] 

23. Calculate the entropy change when 24 gm, of ice is converted into 
water at O'C. The molar heat of fusion of ice is 1440 cal mole"'. 

[Ans. 7-033 cal deg"'] 

24. Calculate the entropy change when 20 gm of water at O'C is heated to 
lOO'C. The specific heat of water is equal to 1. 

[Ans. 6-24 cal deg"'] 

25. Calculate the entropy change when 2 moles of water supercooled to 
— 10»G freezes isothcrmally. The molar heat of fusion of ice at 0"G 
is l-MO cal mole"' and the molar heat capacities of ice and water arc 
9-0 and 18-0 cal deg"' mole"’. 

[Ans. —9-8762 cal deg"'] 

26. For a certain reaction at 25«C, the values of and A*? arc --67650 

cal and — 20-7 cal deg"' respectively; calculate AG of the process at 
25'=G. [Ans. —61481 cal] 
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27. Calculate the free energy change of the following reaction at 25'C. 

H.(g)+rx(j) «= 2m(g) 

For this reaction the enthalpy change is 12-100 cal and the entropy 
change is 39-71 cal dcg~’. Is this reaction thermodynamically possible 
at this temperature ? 

[Ans. -f570 cal; Xo] 

28. Calculate the free energy change when 2 moles of an ideal gas ex- 
pands from a pressure of 25 atm to 2*5 atm at 25'C. 

[Ans. — 2727 cal] 

29. For the reaction 

CO is) + JO, (p) = CO, fg) 

the free energy’ changes at 25°C and 35°C arc — 6I--15 and — (il’2-1 kcai 
respectively. Calculate the heat of reaction at 25'C. 

[Ans. — 67-63 teal] 

30. For the reaction 

C (s) + O, {g) - CO, (g) 

the values of enthalpy change and free energy change arc — 91-05 and 
— 94-26 k cal respectively at 25'C. Calculate the value of free energy 
change at 35'C. 


[Ads. —9^1 07 teal] 




Electrolytic Conductance 


I Introduction 

Electrical energy may be transferred by the flow of electric 
charge from one point to another through matter in the form of 
electric current. Substances like copper, silver, mercury, platinum 
aqueous solutions of acids, bases and salts which allow the current 
to pass through them are called conductors of electricity. On the 
other hand, substances like mica, glass, wax, -ebonite, etc., which do 
not allow the current to pass through are called non-conductors or 
insulators. 

There are two requirements for the electric current to flow 
through substances; (/) presence of charge carriers in matter and 
(//■) force to move the charge carriers. Depending on the nature of 
charge carriers, the conductors may be divided broadly into two cate- 
gories ; (j ) Electronic conductors and (ii) Ionic conductors. Substan- 
ces in which the charge-carriers are electrons are called electronic 
conductors. For example, metals, alloys, graphite, etc., are electro- 
nic conductors. Substances in which the charge carriers are ions, 
are called ionic conductors. They are also called electrolytic 
conductors or electrolytes. For example, solutions of acids, 
bases and salts, the salts in molten state, etc., are electrolytes. There 
are many substances, the solution of which do not conduct electri- 
city, are called non-electrolytes. In some substances like used 
cuprous sulphide, solution of metallic sodium in liquid ammonia 
etc., the conduction of current is partly electronic and partly ionic. 
Such substances are known as mixed conductors. The electric 
force which is responsible for the movement of charge carriers is 
generally supplied by a battery or any bther similar source of electric 
energy. 


It is important to note that in electronic conductors the flow of 
current is not accompanied by any chemical change in it, while in 
ionic conductors or electrolytes, it causes chemical change The 
process of electrolyte conduction accompanying a chemical change 
in the electrolyte IS known as electrolysis. In this chapter we shall 
deal \vith the conductance c^f electricity in electrolytes only. 

0 Mechanism of Electrolysis 

To understand the mechanism of electrolysis, let us take an 

(IW) 
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example of^ electrolysis of molten NaCI. The electrolytic cell is 
shown in Fig. 5’1. It consists of two platinum electrodes immersed 
m molten NaCl and connected to a battery.' The electrode which is 



Anode 


Fig. 5‘1. Electrolysis of Molten Sodium Chloride 


connected to the negative terminal of battery is called cathode and 
the other one connected to the positive terminal is called anode. 

When current is passed through the electrolyte, it is seen that 
sodium is deposited at the cathode and chlorine gas is liberated at 
the anode. The phenomenon of electrolysis can be explained as 
follows. The molten sodium chloride consists of Na-^- ions and Cl" 
ions. Na+ ions being positive move towards cathode while Cl+'ions 
being negative move towards anode as shown in the figure. When a 
Na+ ion touches the cathode, it takes up an electron from the 
cathode and gets reduced to sodium atom. This cathode reaction 
can be shown by the following equation : 

Na+4-e" •••(5T) 

Thus, sodium is deposited on the cathode. When a Cl" ion touches 
the anode, it gives up an electron to the anode and gets oxidised to 
Cl atom. The anode reaction can be given by the following equa- 
tion : 

Cl" ->■ Cl+e" ...(5-2) 

Two chlorine atoms combine to form Clg molecule. 

2CI Cla -(S-S) 

Thus, chlorine gas is liberated at the anode. 

If an aqueous solution of sodium chloride is submitted to 
electrolysis, the mechanism of conduction of electricity is the same, 
f.e., Na'^ ions move towards cathode and Cl" ions move towards 
anode but a different chemical change occurs at the cathode. Instead 
of deposition of sodium, Ho gas is evolved and NaOH is accumula- 
ted around the cathode. This phenomenon can be explained in the 
following way. The electrolytic solution contains Na-^ ions, CI"ions 
and traces of H"*" and OH" ions from the slight dissociation of HoO. 
The following reactions may occur at the cathode — 
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( O 

(H ) 


on combining 


Na++e“ -*■ Na 

HoO :;i: H++OH- 
H++e” iHo 
HgO+c" OH'-j-iHo 


Reaction (/) is not possible because Na+ ion is less readily discharg- 
ed than ion from water. Thus, reaction (r/) represents the cathode 
reaction. It also explains the observed accumulation of Na.OH 
round the cathode because Na+ ions travel towards cathode and 
accumulate where OH- ions are also being produced by the cathode 
reaction. 

^ Faraday's Laws of Electrolysis. Micheal Faraday in 1834 
established the laws of electrolysis after performing a number of 
experiments. These laws bear his name and deal with the quantita- 
tive chemical change of electrolytes during electrolysis. The laws 
are as follows ; 


First Law. The mass of a substance produced at cathode or 
anode in electrolysis is directly proportional to the quantity of 
electricity passed through the electrolyte. 

Second Law. When the same quantity of electricity is passed 
through different electrolytes, the masses of different substances 
deposited or dissolved at the electrodes are directly proportional 
to their gram equivalent weights. 

Both these laws in the combined form may be stated as follows: 

The number of gram equivalent weight of any substance produ- 
ced or dissolved at electrodes is directly proportional to the quan- 
tity of electricity passed through the electrolyte. 

Thus, if m gm of a substance of equivalent weight E is produc- 
ed or dissolved by passing / amp of current for t sec, then mjE is the 
number of gram equivalent of the substance produced ot dissolved 
and Ixt is the quantity of electricity in coulombs passed. " 


Hence, 


or 


m 

T 


a Ixt 


- 

~ tF 


...{5-4) 


where l/Jf is the proportionality constant and y is called faraday 
If gf is taken equal to Ixt coulombs, Eq. (5 4) reduces to 

m zs E 
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/.e., the amount of substance produced or evolved is equal toils 
gram equivalent weight. Thus, faraday may be defined as the quan- 
tity of electricity in coulombs which must be passed through the 
electrolyte in order to produce or dissolve one gram equivalent of 
any substance at the electrode. The best value of so far obtained, 
is 96495’6±M coulombs but for all practical purposes its value is 
taken to be 96500 coulombs. Thus, 

5F = 96500 coulombs 
Putting this value of f in Eq. (5*4), we get 

IXtxE 

“ 96500 ...(5-5) 

If /X/ is put equal to 1 in Eq. (5'5), then 

^ - 7 

^ “ 965U0 


where Z is known as electrochemical equivalent of the substance, 
and is defined as the amount of substance produced or dissolved 
when 1 coulomb of electricity has passed through the solution. 

Putting Z for £'/96500 in Eq. (5‘5) we get 

m = Z X IX t ...(5-6) 

which is the quantitative formulation of the first law. 

Example 1. How many amperes of electricity should be 
passed through a solution of silver nitrate for an hour so that 60’ 3 
gm of silver is deposited at the cathode ? The equivalent weight of 
silver is 107’87. 


Solution. We know that 


Here 


m 


’ 96500 


m = 60'3 gm 

t = 1x60x60 = 3600 sec 


E = 107-87 
, _ /X 3600x107-87 
^ ~ 96500 

60-3x96500 
' ~ 3600 X 10/-87 


14-98 amp 


Coulometers. The exact relationship between the amount of 
chemical change and the quantity of electricity passed through elec- 
trolyte given by Faraday's laws has been made the basis of measuring 
the quantity of electricity by an electrochemical method. An appa- 
ratus used for such a purpose is known as couiometcr. There are 
many coulometers but only those which possess high degree of accu- 
racy are used. For an accurate work, silver couiometcr is generally 
used, a convenient form of which is^hown in Fig. 5’2. It consists of 
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a platinum dish or cup which serv- . . + • 

es as cathode and is filled with 
aqueous solution of pure silver 
nitrate as electrolyte. The' anode 
is a block of pure silver enclosed 
in a porous pot PP’ which prevents 
detached particles of silver from 
anode, if any, to fall on cathode. 

At the start of the electrolysis, the 
platinum cup is washed, dried and 
weighed. After electrolysis, the 

eleclrolyte is removed and the Fig. 5-2 silver Coulometcr 
platinum cup with its deposits is 

then washed, dried, and weighed. The increase in weight is equal to 
the amount of silver deposited during electrolysis. Using the fact that 
one gm equivalent i.e., 107»17 gm silver is deposited by 96500 cou- 
lombs of electricity, the quantity of electricity passed can be calcula- 
ted from the amount of silver deposited. This is how the quantity 
of current is measured. Other coulometers, such as, copper' coulo* 
meter, iodine coulometer and water coulometer are also used. 



MIGRATION OF IONS 

The conduction of electricity in electrolyte is due to the migra- 
tion'of ions-positive ions i.e., cations moving towards cathode and 
negative ions i.e., anions moving towards anode. The migration of 
ions can be demonstrated by a simple experiment shown in Fig. 5*3. 


■. A U-tube is half filled with purple 
■; coloured aqueous solution of 
copper permaganate, Cu(Mn04)2. 
The solution contains hydrated 
Cu2+ ions of blue colour and 
Mn04“ ions of purple colour. A 
colourless aqueous HNO3 is 
allow'cd to float on the top of 
Cu (Mn04)2 solution in both the 
limbs. An electrode is dipped 
in HNO3 solution in each of the 
limb and electric field is applied 
by joining the two electrodes to 
the two terminals of a battery. 



Fig. 5'3. Migration of Ions 
under an Electric Help. 


After some time, blue colour, characteristic of Cu2+ is observed 
moving in region A, w'hile the purple colour characteristic of MnO-4 
ions is seen moving in region B. The.se observations indicate the 
simultaneous migration of cations and anions towards cathode and 
anode respectively. 


A careful observation of the displacement of these coloured 
ions indicates that CuS-i- and MnO"4 ions migrate with different 
speeds. The migration speed of an ion depends upon (/) the nature 
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of the ion (//) the temperature, and (Hi) the voltage applied. With 
the increase in the temperature and applied voltage, there is increase 
in the migration speeds of ions. 

Speeds of Ions. . 

Although the speeds of cations and anions are unequal, they 
are discharged in equivalent amounts at the appropriate electrodes. 
The change in concentration in the two electrode regions would be 
different depending upon the speeds, of ions. These facts were ex- 
plained by Hittorf in a simple way. 

Consider an electrolytic cell divided into three compartments 
as shown in Fig. 5'4. These compartments are divided by imaginary 
partitions P and Q permeable to ions. The electrodes are placed in 
the two extreme compartments. The compartment having anode is 
called anode compartment and that having cathode as cathode 
compartment. 1 he electrolyte contains equivalent number of 
cations and anions represented by -f and — signs respectively. The 


Anode Cathode 



Fig. 5-4. Concentration changes due to 
Aligration of Ions. 

system before electrolysis is represented by I, which contains 13 
pairs of ions in all the three compartments. Four of these pairs are 
preeent in each of the cathode and anode compartment and five 
pairs in the middle compartment. On applying potential the cations 
move towards cathode and anions towards anode. The following 
cases may be considered depending on the ditferent speeds of cations 
and anions : 

Case (i) JV/ieii only anions move and cations remain staticr^'J- 
Suppose in a given time two anion h.>ve migrated from the cz±'d- 
through middle, to the anode compartment. This situation 
sented by II in the figure. Now two unpaired anions arerres— ■ ' 
the anode compartment and the same number of unpamei -a:' 
are present in the cathode compartment. Hence these urr-'-' 
ons and cations are discharged at the anode and cathoder^^'^ ."- 
Thus, the cathode compartment has suffered alosscf 
and two anions, v\hile there is no change in the " 
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merit. It should be noted that the same number of ions are dischar- 
ged at the electrodes, though only anions moved and cations remai- 
ned stationary. 

Case {ii) When cations and anions move with the same speed. 
In a given time suppose two cations move towords cathode, then in 
the same time two anions will move towards anode. This situation 
is represented by III in the figure. In this case also the same num- 
ber, i.e., four cations and four anions will be discharged at the elec- 
trodes. Thus, each compartment nas suffered a loss of two cations 
and two anions. 

Case (Hi). When cations and anions move with different speeds. 
Let the speeds of the ions be such that when three anions move to. 
wards anode in a given time, two cations move towards cathode. 
This situation is represented by IV in the figure. In this case also 
the same number of unpaired ions, i.e., five of each type will be dis- 
charged at the electrodes, though the speeds of io/is are different. 
Thus, the anode compartment has suffered a loss of two anions and 
two cations and the cathode compartment has suffered a loss of three 
anions and three cations. 

From the above discussions we conclude : 


(i) Concentration of the middle compartment remains un- 
changed. 

(ii) The ions are always discharged in equivalent amounts at 
the electrodes irrespective of their speeds. 

(/■//) The number of units of ions lost in any electrode com- 
partment is directly proportional to the speed of ion leaving that 
compartment. These units are expressed in gm equivalents or 
equivalents. Thus, the loss of equivalents of electrolyte in anode 
compartment is proportional to the speed of cation and that 
in cathode compartment is proportional to the speed of anion. 
Hence. 


Equivalents of electrolyte lost from anode compartment 
Equivalents of electrolyte lost from cathode compartment 


Speed of cation 

Speed of anion (5'7) 


(iv) The number of equivalents of a substance liberated at 
anode or cathode is equal to the sum of the number of equivalents 
of tte electrolyte lost from both the compartments. 


I^ansport Number. 

— / The electric current through an electrolyte is carried by the 

stream of cations and anions. As the cations and anions move with 
different speeds, their shares in the transportation of current are also 
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different. The ^^ rrmfhm of the total current carried across by a 
particular type of ion is called its transport nnmber or transfe- 
rence number or Hittorf number. If and it- are the speed of 
cations and anions respectively then the total current passed through 
an electrolyte, under given conditions, is proportional to (m+-}-m_). 
The quantity of electricity carried by cation is proportional to «+ 
and that by anion is proportional to n_. Thus the fraction of the 
total current carried by cation is uJu^.-{-u^ and that by anions is 
M_/w+-}-z/_. These fractions are termed as transport numbers of 
cation (t+) and anion (r_) respectively. Thus, 


t^ = 


r_ = 


«+ 


Ui.+U_ 

U- 

u^+u_ 


From Eq. (5*8) and Eq. (5‘9), we obtain 


U+t. = 


1/4 


+ 


«_ 


1 


U^-\-U- Kj.-f H_ 

Dividing Eq. (5‘8) by Eq. (5,9), we get 
t+ __ u+ 
t- «_ 


...(5-8) 

...(5-9) 

...(5-10) 

...(5-11) 


Experimental Determination of Transport Number 

-■'^^^rhe following three methods are generally employed to deter- 
mine fhe transport numbers : 


Hittorf method 

{if) Moving boundary method 
(ffj) EMF method. 


Hittorf Method. As already discussed, the number 
of "fm equivalents of an electrolyte lost from ap^electrode compart-v 
ment is proportional to the speed of ion leaving that compartment. _ 
Hence, 


Equivalents of electrolyte lost from anode compartment a «+ 


Equivalents of electrolyte lost from cathode compartment oc 

Equivalents of electrolyte lost from both compartments u++u^ 


Dividing Eq. (5T2) by Eq. (5T4), we get 

Equivalents of electrolyte lost from anode compartment 
Equivalents of electrolyte lost from both compartments 

’^u++u~ 


(5-15) 
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Since — *1 ^ - — =/,, the transport number of cation, Eq. (5'15) 
can be written as 

_ Equivalents of electrolyte lost from anode c ompartnaent 

~ Equmlents of electrolyte lost from both compartments 

...(5=16) 

Since the equivalents of electrolyte lost from both the compart- 
ments are equal to the number of equivalents deposited on each 
electrode, Eq. (5’ 16) can be written as 

_ Equivalents of electrolyte lost from anode compartment 
~ Equivalents deposited on each electrode 

-(5-17) 

The equivalents deposited on an electrode can be determined 
by inserting a silver or copper coulometer in the circuit. According 
to Faraday’s laws, the equivalents deposited on an electrode will be 
equal to the equivalents of metal deposited on the cathode of coulo- 
meter. Hence Eq. (5' 17) can be written as 

Equivalents of electrolyte lost from anode compartment 
Equivalents of metal deposited in coulometer 

...(5-lH) 

Equivalents of electrolyte lost from cathode compartment 
Equivalents of metal deposited in coulometer 

...(5-19) 

These expressions form the basis of determining the transport 
number by Hittorf method. Thus, the determination of transport 
number involves the measurements of 

(/) the number of equivalents lost from the cathode or anode 
compartment, and 

(//) equivalents of metal deposited in coulometer. 

v^-^-^r^mmonly used form of Hittorf apparatus is shown in 
Fig. 2-5. It consists of two vertical glass tubes A and B which arc 
connected by a U-tube T, Tubes A and B represent cathode and 
mode compartments respectively and tube T constitutes the middle 
compartment. Each tube has a stop cock at the bottom and the 
LJ-tube is also provided with two pinch-cocks x and y. The whole 
ipparatus is filled with a solution of an electrolyte of known con- 
^entraUon. Electrodes of suitable metal are inserted into A aWTs 
HTdarc connected m senes with milli-ammeter M, coulometer C, a 


4 = 

Similarly, 
t- = 
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variable resistance R, and a battery. The electrodes are enclosed in 



Fig. 5-5 Transport Number Apparatus for Hittorf Method. 

a stout glass tube and a very small portion of the metal is ejected 
in solution in the lower part of the glass tube as shown in the Fig. 

A current of about 10—20 milliamperes is passed through the 
electrolyte for about 2 — 3 hours so that an appreciable change in 
concentration round the electrodes may take place. Too large 
changes in concentration should be avoided. After electrolysis the 
pinch-cocks x and y are closed to isolate the three compartments. 
The solutions from all the three compartments are withdrawn in 
separate dried and weighed flasks. T he flasks with solution s ar e dgain 
weighed an d the s olut ions analysed. The solution of middle com^ • 
partment should sfiow'no change in concent ratiom If it has changed, 
the excess current has Hetn'passed-'and'tlie experiment should be 
r epeated. 

■ From the analysis^ the gm equivalents of electrolyte for a 
definite weight of solvent in an electrode compartment can be 
obtained. The amount of metel deposited on the cathode in coulo- 
meter is also determined. 

Simple general formulae can be obtained for the computation 
of transport numbers. During electrolysis the change in equivalents 
of ions in an electrode compartment is due to two factors : 
(i) migration of ions, and (ii) electrode reaction. This can be illus- 
trated by taking an example of electrolysis of AgNOa using Ag 
electrodes. Let Ni and Np be the gm equiv. of AgNO.^ associatpd 
with a definite weight of water in the anode compartment before 
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and after electrolysis respectively. Let Ng be the gm equiv. of the 
metal deposited in a coulometer. 

In this case, the electrode reaction takes place in the anode 
compartment, NO 3 - ions attack the Ag anode and form gm equiv 
of AgNOg (Faraday’s laws. 

Had there been no migration of Ag+ ions, the total number of 
gm equiv of Ag+ ions in the anode compartment would have been 
equal to (A^x+A'b}. 

But the actual number of gm equiv of Ag''' ions present = Nf. 


Number of gm equiv of Ag+ ion lost from the anode com- 
partment =Ni+A'e—Nf, ...(5"20) 


The gm. equiv of metal deposited in coulometer = Ne 
Transport number of Ag+ ion. 


Ni+Nb—Ne 

Nb 


...{5-21) 


Since = 1 


Transport number of NOg- ions, 
t- = 

. Ni+Ne--Nb 
" Nb 

_ Nt — N f j 
Nb~ 


...(5-22) 


In case of unattackable electrodes, e.g., electrolysis of AgNOg 
between Pt electrodes Eq. (5*21) takes a different form. In this 
.case, since there is no electrode reaction, no Ag-*- ions will be 
formed in the anode compartment due to the attack ofNOg'ions. 
Thus, the value of Ne w Eq. (5-20) will be zero. Hence 


Number of gm equiv of Ag+ ions lost from anode compartment 
= Ni—Nf ...(5-23) 

The gm equiv of metal deposited = Ne 


.'. Transport number of Ag''' ion, 
, _ Ni—Nf 
” Ne 

and transport number of NOg- ion. 


...(5-24) 


Ni—Nf 

Ne 
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N^-Ni+Np 

Mb 


...(5 25) 


Equations (5‘21) and (5'24) are employed in computing trans- 
port numbers of cations, and Eqs. (5'22) and (5'25) are used in com- 
puting transport numbers of anions. 


Example 2, A solution of silver nitrate containing, 1 085 gm 
of silver nitrate per 101*90^ gm of solution was electrolysed between 
silver electrodes. After electrolysis the whole of the anode solution 
was removed which^werghed equal to 27‘45 gm. On analysis, It u’fls 
found that it contained 0‘3608 gm of silver nitrate. The mass of 
copper deposited in a copper coulometer in series was fcntnd to be 
0-0234 gm. Calculate the transport number of silver and nitrate 
ions. {Eq. weight of AgNO^ = 169'87 and Cu = 31’77) 


Solution. In this case where electrode reaction occurs, we know that 


4 = 


Mb 


(t) Calculation of Np 

After electrolysis, the weight of silver nitrate in 27.45 gm of .solution 
«= O' 3608 gm., 

.'. weight of water = 27'45— 0'3608 = 27'0892 gm 

.'. Amount of silver nitrate in 27'0892 gm water = 0-3608 gm 

. 0-3608 

= gm equiv 

169-87 ^ ^ 

= 0-002123 gm equiv 

The number of gm equiv of silver will also be the same 
Np = 0-002123 gm equiv 

(/■/) Calculation ofNj 

Initially the weight of silver nitrate in 101 083 gm of solution 

1 OS.’i gm 

.-. weight of water = 101-085 — 1 085 = 100 gm 

.'. Amount of silver nitrate present initially in 2''0!>9- gm of wato 
_ 1-085 x 27-0892 

100 s"* 

1.085x27-0892 
100x169-87 
= 0-0017304 gm equiv 

The number of gm equiv of silver will aho be the s.ame 
2Vj = 0-001730 gm equiv 

(h7) Calculation of Np 

The amount of copper deposited in co-oiometer = 0-0234 gr: 

0-0234 

= _ 
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Ng ■= 0-0007364 gm equiv 

0-001730 — 0-002123+0-0007364 0-0003434 

0-0007364 0-0007364' 

= 0-4663 ■' 

Since = 1 — /+ 

= 1—0-4663 = 0-5337 
The transport number of Ag+ ion = 0-4663 
and the transport number of NOs" ion •= 0-5337 

Example 3. A solution containing-7'39 gm silver nitrate per 
1000 gm water was electrolysed between platinum electrodes. After 
electrolysis it was found that 23‘2520 gm of anode solution contained 
O' 1 120 gm of silver nitrate. In a silver cottlometer in series, 
O'OSOS gm. silver was deposited. Calculate the transport numbers 
of silver and nitrate ions. {Eq. weight of Ag NO^ = 169'87 
and Ag — 107-87) 

Solution. In this case where electrodes arc inert we know that • 

, _Nr-Ne 
iVe 

(/) Calculation of Np 

After electrolysis the weight of silver nitrate in 23-2520 gm of solution 
= 0-1120 gm 

Weight of water = 23-2520 — 0-1120 = 23-140 gm 
Amount of silver nitrate in 23.14 gm watcr= 0-1120 gm 

0-1120 

= 169+7- S'" 

= 0-0006592 gm equiv 

Tlic number of gm equiv of silver will be the same 
Np — 0-0006592 gm equiv 
(//) Calculation o/Nj 

Initially the weight of silver nitrate in 1000 gm water = 7-39 
.-. Amount of silver nitrate present initially in 23-140 gm water 
7-39x23-140 


7-39x23-140 

“ 1000x169-87®'”®'’“"' 


■= 0-001007 gm equiv 

The number of gm equiv of silver will also be the same 
.-. Nj ■= 0-001007 gm equiv 

(Hi) Calculation of Ne 

The amount of silver deposited in coulometcr = 0-0805 gm 

0-0805 

= 107+7 S'” 


Ne = 

Hence t+ = 


0-00074133 gm equiv 
0-001007—0-00063923 
0+007463 ' 


t= 0-0007463 gm equiv 

0-00034777 

0-0007463 


= 0-466 
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Since /_ = 1 — 

= 1— 0-466=0-534 

transport number of Ag+. ion = 0-466 
and the transport number of NOs" ions = 0-534 

Esample 4. In an electrolysis of copper sulphate solution 
between copper electrodes, the total mass of copper deposited at the 
cathode was found to be 0-528 gm. The masses of copper associated 
with a definite weight of water in whole of the anode solution before 
and after electrolysis were found to be 2 0 gm and 2-33 gm respecti- 
vely. Calculate the transport numbers of copper and sulphate ions. 
(Eq. weight of Cu=31-77). 

Solution. In this case where electrode reaction occurs we know that 

, _ Ni- A^f+A^e 

Ne' ■ 

(f) Calculation of Np 

After electrolysis the weight of copper in whole of the nnodc solution 

M IiJ‘33 gm 
2-33 

=• equiv 

2-33 

nf = ~3pfr 
(tV) Calculation of Ni 

Before electrolysis the weight of copper in whole of the anode 
solution = 2-0 gm 
2-0 

• • = -3^77 

2-0 

^ '3F77 Smequiv 
{Hi) Calculation of 

The amount of copper deposited on cathode = 0-528 gm 

_ 0-528 

TO 0'528 

2 V£ TFtT Sntequiv 

2-0 2-33 0-528 

31-77“3I-77 T 31-77 
Hence t+ = gTgjO 

31-77 

2-0—2-33 +0-528 0 198 

"" 0-528 ~ 0-528 

= 0-375 
Since r_ = • 1 — /+ 

= 1—0-375 = 0-625 

The transport number of Cu-t-f- ions = 0-375 
and the transport number of SO4 — ions= 0-625 
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'Moving Boundary Method. The Hittorf method, 
though simple in principle, suffers from several drawbacks. Due to 
diffusion and convection there is always a mixing of solutions to 


some extent, so accurate results cannot be obtained. Also due to 
electrolysis the concentration of the. electrolyte changes and the 
values of transport number so obtained do not pertain to a definite 
concentration of the electrolyte. Further, low current is passed for 
a prolonged time with the result that the electrolysis is slow and the 
process is time consuming. Hence a more convenient and accurate 
method, known as moving boundary method, is now generally used 
for the determination of transport number. 


The moving boundary method is based on the direct observation 
of the movement of boundary between two ionic solutions under an 
applied potential. To understand this method let us take a specific 
example of the determination of transport number of a cation, say 
ion in HCl solution. For this purpose it is essential to have ano- 
ther solution of an electrolyte commonly known as indicator 
electrolyte. The indicator electrolyte, in this case, should be such 
that (<■) it should have common anion, i.e.. Cl- ion, and (») the speed 
of its cation should be less than speed of H+ ion in HCl solution. 
A suitable electrolyte fulfilling both the conditions is CdClg solution 
because it has Cl- ion and the speed of Cd+ ion is less than that of 
H+ ion. 


The apparatus used is shown in Fig. 5*6. 
rolytic cell the middle portion of which is in 
tube PQ of a uniform bore. The cell is filled 
solutions in the manner as shown in the figure. 
With the help of a device (not shown in figure) 
a sharp boundary between these solutions is 
produced at .v. The concentration of CdCl 2 
solution should be such that its density is 
higher than that of HCl solution so that it re- 
mains below the HCl solution. A Pt cathode 
is inserted at the top, while the anode, made of 
Cd stick is inserted at the bottom. The elec- 
trodes arc joined through a battery B, variable 
reistance R, milliammcter M, and coulometer 
C in series. 

When the current is passed, and 
Cd+ ion move upwards towards the cathodo. 
Since slowly moving Cd2+ ions can never over- 
take the fastmoving H+ ions, the sharap boun- 
dary between the two solutions is preserved 
and moves gradually upwards. By knowing 
the quantity of electricity passed and the 
volume swept out by the boundary the trans- 
port nqraber can be calculated as follows : 


It consists an elect* 
the form of a vertical 
with HCl and CdCl™ 



Fig. 5-6 Tr.-insport Num- 
bers by Moving Bound- 
dary Method. 
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Suppose Q faradays of electricity have passed through the 
solution and the boundary has moved from x to a: . The displacement 
of the boundary is measured accurately with the help of a catheto- 
meter. Let the displacement be / cm. If the cross-section of the 
tube PQisosq cm, then the volume swept out by the boundary in 
moving / cm is /Xc cc. Further, if the concentration ofHCl solution 
(or ion) is c gm equivalents per litre, then the amount of HCl 
(or H+ ion) in the volume swept out will be /Xaxc/1000 gra equi- 
valents. 

Since Q faradays of electricity have been passed, the fraction 
carried by H+ ions will be equal to r+xQ faradays. Since one gm 
equivalent carries one faraday of electricity, t+x2 8™ equivalents 
of H+ ions must have migrated from x to x' 


rxXO 


/XflXC 

1000 


_ Ixa\c 
" lOOOxQ 


...(5-26) 


Example 5. A moving boundary experiment was performed 
at 25°C with 0'02 N 'HCl using CdCI^ as indicator solution. A 
constant current of 0'60I6 amp was passed for 1035 sec which moved 
the boundary through 6'34 cm in the tube of cross sectional area 
01115 cm^. Calatlate the transport numbers of and CI~ ions. 

Solution. We know that 
, Ixaxc 
“,i00x(2 

Here / = 6-34 


a = O'lllo cm’ 


c = 0'02 gm cquiv lit~1 


ampxsec 0 00]6xl035 ^ , 

2 = ~9650U“ = 96500— 


6-34x01II3x002 
" 1000x0-016x1035/96500 
6-34xO-1115 x 0 02 x 96500 
1000x 0-0016x1035 


= 0.8239 
Since f_ = 1 — *+ 

= 1—0-8239 = 0-1761 
The transport number of H+ ions = 0-8239 
and the transport number of Cl~ ions = 0-1761 

o^r-^iiii) EMF Method. The emf method for the determination 
of transport number will be discussed in chapter 7. 

Some Results of Transport Number Measurements 
^_^xperimental studies have revealed the following facts : 

1. The values of transport number do not depend upon the 
applied emf and the current strength. 
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2. Transport number of an ion is not constant and depends 
upon the nature of other ion associated with .it, i.e., transport 
number of Na+ ion in NaCl, NaNOs, NaBr are different. Similarly 
the transport numbers of Cl“ in HCl, NaCl, and KCl arc different. 


3. The transport numbers of ions vary only slightly with 
change in concentration. 

4. With increase in temperature the transport number of 
cations and anions change, each tending to approach a value, of 0'5. 


5. The lesser the ion is hydrated, more would be its transport 
number. 




CONDUCTANCE OF SOLUTIONS 


\/Conductance. Like metallic conductors electrolytic conductors 
also obey Ohm’s law, 

-| ...(5-27) 


7 = 


where I is the current in amperes, £ is the applied potential in volts 
and 7? is the resistance in ohms. This shows that for a given voltage, 
the strength of current passed through the conductor depends on its 
resistance. 


In case of electrolytic conductors it is convenient to use the 
term conductance in place of resistance. Conductance is the reclpr- 
oca] of resistance. It is generally denoted by L. Thus, 


L 



...(5-28) 


The conductance, being reciprocal of resistance, indicates the ease 
with which the current flows in the electrolyte. Since the resistance 
is expressed in ohms, conductance is expressed in ohm'i or mhos 
or reciprocal ohms (ro). 


Ppticific Conductance or Conductivity. 

^ The resistance Ji offered by any uniform conductor (metallic 
— solutions of electrolyte) is directly proportional to its length / 


or 


and inversely proportional to its cross-sectional area a. Thus, 



Roc 1. 
a 

I 



where /> irilie 'proportionality constant and is known as specific 
resistance or resistivity. The value of P depends on the nature 
of conductors. The reciprocal of specific resistance or resistivity 
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called specific conductance or conductivity and 
denoted by *: {kappa). Thus, 

K = — 

~~ P 


is generally 
...(5-30) 


Eq. (5*29) can be written as 
1 1 a 

R^T'T 

Since ^ = L and ~= k, we get 


...(5-31) 

If two electrodes P and 2 of 1 sq cm cross-sectional area are 


placed 1 cm apart in a solution 
of an electrolyte as shown in 
Fig. 5’7, then the solution 
between the two electrodes will 
be in the form of a cube of 
I cm edge. In this casea=l 
sq cm and I=l cm. Putting 
these values in Eq. (5 31), we 
• obtain ‘ 

A 

L=jc ,..(5'32) 



I cm— > 
Fig 5-7 


Thus, the specific conductance or conductivity is defined as t/ie 
conductance of a solution between two electrodes of 1 sq cm cross- 
sectional area placed 1 cm apart. Since the units of specific resistance 
are ohm cm, the units of specific conductance are ohm i cm~i. 

The current in a electrolyte is carried solely by ions and hence 
the conductance or specific conductance depends on the concentra- 
tion of the electrolyte in solution. In order to compare conductances 
of various electrolytes concentration factor should be included and 
hence solutions having chemically comparable amounts of substances, 
c.g., equivalent or equimolecular quantities should be used. It is 
for this reason that the concepts of equivalent conductance and 
molar conductance are generally used. 

'-•^Equivalent and Molar Conductances 

V_^^^he equivalent conductance of an electrolyte is defined as 
the conductance of the solution containing 1 gm equivalent of the 
dissolved electrolyte, when the entire solution is placed betwr vfiro 
sufficiently large parallel electrodes kept 1 cm aj 
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equivalent conductance is the conductance due to all the ions 
produced by 1 gm equivalent of the electrolyte in solution. It is 
denoted by A- 

The direct determination of equivalent conductance is not 
practicable. It is calculated from specific conductance in the follow- 
ing way. Suppose 1 cc of a solution containing 1 gm equivalent of 
the electrolyte is placed between two electrodes kept 1 cm apart. 
The conductance of this solution is equal to equivalent conductance 
because it contains 1 gm equivalent of the electrolyte. .This conduc- 
tance is also equal to specific conductance because 1 cc of solution 
is enclosed by two electrodes placed 1 cm apart so that the area of 
each electrode covered by the solution is 1 sq cm. 

Again, if 16 cc solution containing 1 gm equivalent of the 



or A 


electrolyte is placed between two electro- 
des P and Q kept 1 cm apart as shown in 
Fig. 5‘8, then the conductance of the 
solution will be equal' to the equivalent 
conductance, but it will not be equal to 
specific conductance. This is because that 
the given solution is now divided into 16 
cubes, each with 1 cm edge, between the 
electrodes. Conductance due to each cube 
is equal to specific conductance, hence the 
conductance of the solution is equal to 16 
times the specific conductance. In othcr_ 
words, we can say that the conductoj icR^ 
cfTtbe solution Isequal to'~th^j i mfic*; 
c ogtrcRmce-firoliip lied birth e~volume in^ 
cc'~co htainihg 1 ~~ Rm ~equivalent ^ tte 
ckctnUyte] SlmTe Conductance^ intl^ 
caserh-ieqind to equivalent conductance, 
we may conclude that 


= Specific conductance X Volume in cc 
containing 1 gm equiv of the electrolyte. 

= «XF ...(5-33) 


Thus, equivalent conductance may also be defined as the specific 
conductance multiplied by the volume in cc containing 1 gm equi- 
valent of the electrolyte. 

If c is concentration in terms of gm equiv lit“i, then 
lOOO/c 

Putting this value of V in Eq. (5‘33} we get 

lOnOK ' 

A = c — ...{5-34) 

The units of equivalent conductance are ohm“t cra2 equiv~t. ^ 


4 *^ 



ELECTROLYTIC CONDUCTANCE 


181 


If the concentration is expressed in terms of moles/litre, than 
the term molar conductance is used like equivalent conductance. 
The molar condnctance may be defined as the specific conductance 
multiplied by the vclume in cc containing 1 mole of the electrolyte. 
It is usually denoted by p-. Thus, 


P=K X 


1000 r 


...(5‘35) 


le units of molar conductance are ohm“i cm^ moIe“i. 
'Experimental Determination of the Conductance of an Elec- 
trolyte. 

Since the conductance of a solution is the reciprocal of itsresis- 
tance, it can be determined by measuring the resistance of the 
solution. The solution is taken in a vessel known as condnctance 
cell. 


A conductance cell is a vessel of highly insoluble glass, such as 
pyrex or quartz and is fitted with two parallel electrodes made of 
stout Pt foil. The electrodes are fused in glass tubes and their 
connections are made by placing some Hg in the tube. The position 
of the electrodes should be kept fixed so that the distance between 
them does not change during the measurement. The electrodes should 
be freshly coated with layer of finely divided Pt black before the 
experiment to reduce polarization of the electrodes. The deposition 
is done by the electrolysis of platinic chloride. Out of various types 
of cells differing in size and shape, three commonly used arc shown 
in Fig. 5‘9. In the cell {a) the electrodes are adjustable by fixing 
the glass tubes in the ebonite cover. Cells (b) and (c) have electrodes 




Fig. 5’9. Conductance C.clls. 


at a fixed distance. The distance between the electrode.-’- 
(b) is comparatively lesser and is generally used for low core-'/ 
solutions. Cell (c), having electrodes at a relatively iafirer -'.s- ’ 
is used for high conducting solutions. ^ . 

The resistance of the .solution can be mease*; 
known Wheatstone’s meter bridge method with sorre 
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The modifications have been done because the direct current causes 
the electrolisis and the following complications arise : 

(/) The concentration of the electrolyte changes at the, electro- 
des, and 

(//) Polarization (back emf) sets in due to the accumulation 
of products at the electrodes. 

To overcome these difficulties the alternating current is used in 
^placeof direct current, A.C. current of the frequency of 1000-3000 
cycles/sec is generally used. This can be obtained from induction 
coil for less accurate work and vaccum tube oscillator for highly 
accurate work. When alternating current is used, the determination 
of null point cannot be made by ordinary galvanometer, hence 
galvanometer is replaced by head phone or magic eye. 

A convenient form of an alternating current Wheatstone bridge 
is shown in Fig. 5T0. AB is uniform wire made of platinum-iridium 
alloy and stretched over a meter scale. A sliding contact X moves 



A.C.Source 


Fig. 5 10. Determination of 
Conductance of Electrolyte 

over the wire. R.B. is the resistance box for introducing resistance 
in the bridge. C is the conductance cell. The cell should be placed 
in a thermostat to maintain the temperature constant. A suitable 
source of alternating current is connected to the bridge. T is the 
head phone to detect the null point. 

The solution of the electrolyte whofee conductance is to be 
determined is filled in the conductance cell and connected to the 
bridge as shown in the figure. The resistance R in the resistance 
box is properly adjusted and the sliding contact is moved over the 
wire until minimum sound is detected in the head phone. This is 
the null point. At the null point the bridge is balanced and the 
following relation applies: 

Resistance of so lution in the cell Length BX 
Resistance R - Length AX 

Since the resistance R, and lengths BX and AX are known, the resis-' 
tance and hence the conductance -of the solution can be obtained. 
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Now a days very sophisticated instruments are made in which 
cathode ray oscilloscope or magic eye is used as an indicator of null 
point. These apparatus directly read resistance and conductance of 
the solution. 

It should be noted that for the accurate determination of con- 
ductance, the solution of electrolyte should be made in extremely 
purified water known as conductance water which has no conduc- 
tance due to impurities. Conductance water can be obtained by 
passing distilled water through an ion-exchange resin. For ordinary 
experimental work, it can be obtained by redistilling the distilled 
water containing a pinch of KMn 04 in a distillation apparatus made 
of resistance glass. The middle fraction of the distillate is collected 
and stored in a vessel made of resistance glass. 

^...-determination of Specific Conductance. 

The specific conductance is related to the conductance by the 
following relation 


K = L — 
a 


..(5-37) 


Thus, the specific conductance ic may be calculated from the observ- 
ed conductance, if the value of cross-sectional area a of the electrodes 
and the distance between them, /, are known. It is extremely diffi- 
cult to determine the value of a and / with precision. However, for 
a cell with fixed electrodes the factor Ija is constant. This quantity 
is known as cell constant and is represented by K, Thus, 


— 

a 

Putting K for //a in Eq. (5-37) we get 
K = LK 


...(5-38) 


...(5-39) 


Thus, the cell constant may be defined as a factor which has to he 
multiplied with observed conductance of the solution in order to get 
its specific conductance. ^ 

Since it is difficult to obtain the area of the electrodes and the 
distance between them, the cell constant is determined by an indirect 
method. The specific conductance of KCl solution of different 
concentrations and at different temperatures have been precisely 
determined using the conductance cell of known dimensions, (/.e., / 
and fl) by many workers. Some of the accepted values arc give" 
Table 5T. 
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Table 51 


Specific Condactances of Aqueons KCl Solutions 


■ Concentration 

{equh lit~t 

Specific Conductance 
{phm~'\ cnr'i 

O^G - 

18°C 

250C 

0-01 

0 0007751 

0-0012227 

0-0014114 

0 10 

0-007154 

0 011192 

0-012886 

1-00 

0-OOG5430 

0-098200 

0-111730 


To determine the cell constant, the cell is filled with 0‘liV KCl 
solution in conductance water and the resistance of the solution is 
measured at 25°C. Since the specific conductance of the solution at 
this temperature is known, the cell constant may be evaluated by the 
relation 


or 


Specific conductance = 
Cell constant 


Conductance X Cell constant 
_ Specificjconductance 
~Coiiductance 

= Specific conductance X Resistance. 


or K=kxr ...(5‘40) 

where R is the resistance of the solution. 


Once the cel! constant of a cell is known, the specific conduc- 
tance of a solution of any electrolyte, filled in the cell, can be deter 
mined by measuring its conductance and then multiplying it with 
the cell constant. 

^^termination of Equivalent or Molar CondnetauGe. 

To determine the equivalent or molar canductance of a solution, 
the specific conductance of the solution is first determined and then 
the equivalent or molar conductance can be evaluated from the 
apporopriate relation from Eqs. (5-33), (5-34) and (5-35). 

Example 6. The resistance of a conductance cell containing 
O'l N KCl solution at 25°C is 456’4 ohms. The specific conduc- 
tance of O’l N KCl solution at 25° C is 0‘012886 ohm-i cm-i. Cal- 
culate the celt constant. 

Solution. Wc know that the cell constant K is given by 

K — 0‘01il886 ohm~l cin~1 
R t= 456‘4 ohm 


Here 
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K = 0-012886 X 456-4 cm"1 
= 5-882 cm~1 

Example 7, The resistance of a conductance cell containing 
0 I N KCl solution at 25° C found to be 307-62 ohms. The spe- 
cific conductance of 0-1 N KCl solutionis known to be 0-012S86 
ohm~t cm-t^. The same cell when filled with 0-1 N Ag NO^ solution 
at 25°C offered a resistance of 362-65 ohms. Calculate {i) the cell 
constant, {ii) the specific conductance, and {Hi) the equivalent con- 
ductance of O'l N AgNO^ solution. 

Solution, (i) Calculation of the cell constant 
We know that 

kR 

Here k = 0-012886 ohm“l cm~l 
R = 307-62 ohm 

K = 0-012886 x 307-62 = 3-964 cm'l 


(;;■) Calculation of the specific conductance 
We know that 

K — LxK 

Here L = . — i-rr-ohm-l 

JOZ'bo 


K = 3-964 cm"1 


K = 


3-964 

362-65 


== 1-092x10-'* oljm~l cnj-"!. 


(///) Calculation of the equivalent conductance 
We know that 

1000 x#f 


A 


Here 


K = 1-092 X 10 ' ohm"! cm~1 
c — O'l equiv HO 


A = 


1000x1-092x10- 

0-1 


= 109-2 ohm"! cm~2 equiv.“L 

f 

Example 8. A conductance cell filled with Q-Ql N solution 
of an electrolyte offered a resistance of 280 ohms. If the electrodes 
of the cell are T82 cm apart and have an area of cross-section equal 
to 4-64 sq cm, calculate (i) the specific conductance and {ii) equi- 
valent conductance of the solution. 

Solution. (0 Calculation of the specific conductance of the solution. 

We know that 


1 


280 
1-82 cm 


ohm 1 


Here 
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^ = 0-001401 ohm-1 cm-l 

4-64 

(/■/) Calculation of the equivalent conductance of the solution. 
Wc know that 

1000x< 

^ ~ c 

Here K = 0-001401 ohm-1 crn'l 

c s= 0-01 equiv lit-1 
1000 x 0-001401 
^ ~ 0-01 

= 140-1 ohm— I cm- cquiv-1. 


Example 9. When a solution of an electrolyte of specific con- 
ductance 0'003328 ohm-1- cm-i at 25°C was placed in a conductance 
cell, the resistance was found to be 314 ohms at 25°C. Calculate 
the cell constant. If the area of cross-section of each electrode 
is 1'44 sq cm, calculate the distance between the electrodes. 


Solution. 


Here 


(i ) Calculation of the celt conslant 
Wc know that 



K = 0-003328 ohm-1 cm” 1 


ohm-1 


K ^ 


£ 00332 ^ 

1/314 

1-045 cm-1 


0-003828x314 


(//) Calculation of the distance between the electrodes. 


or 

Here 


We know that 



a 


I = Kxa 
K = 1-043 cm-1 
a =-• 1-44 cm’ 


/ = 1-045x1-44 


= 1-505 cm. 

Variation of conductance with Dilution 


'.*1 ' ' ' 
h.v'- 


Since the specific and equivalent conductance of a solution 
depend upon the number of ions, it is obvious that they depend on 
the concentration of the solution. It is observed that specific as well 
as equivalent conductance of a solution varies with the change in 
concentration. Table 5'2 summarizes some values of the specific 
and equivalent conductances of KCl solution at different concentra- 
tions at 25°C. 
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Table 5*2 

Specific and Equivalent Conductances of Aqueous 
KCl Solutions at 25°C 


Concentration 
(equiv lit~' 

Dilution, i.e.. 
Volume containing 
I gm equiv electro- 
lyte 
(cc) 

Specific 

conductance 

(o/im~' cm~') 

Equivalent 

conductance 

{ohm~' cm~^ eqiiiv~' 

1-0 

1000 

0-01119 

111-90 

0-1 

10000 

0-0012896 

128-95 

0-01 

lOOOQO 

0-00014127 

141-27 

0-001 

1000000 

0-000014695 

146-95 

0-005 

5000000 

0*000029562 

147-81 


It is clear from the table that the specific conductance conti- 
nuously decreases, whereas the equivalent conductance continuously 
increases with dilution. It can be explained as follows. When the 
solution is diluted, the degree of dissociation of the electrolyte 
increases resulting in the increase in total number of ions in the 
solution. The volume of the solution also increases simultaneously. 
The increase in the volume of solution is in greater proportion than 
the increase in the total number of ions. Consequently, the number 
of ions per cc falls and hence the specific conductance decreases. 
Again, it is evident from the table that on dilution the decrease in 
specific conductance is in smaller proportion than the increase in the 
volume of solution containing I gm equivalent of electrolyte. Thus, 
the equivalent conductance, which is the product increases. 

The equivalent conductance increases continuously with dilution 
until it attains a maximum value, when the further dilution does 
not cause any change in the value of equivalent conductance. The 
maximum or limiting value of equivalent conductance is called the 
equivalent conductance at infinite dilution. It is denoted by ./\0' 
At this stage the ionisation of the electrolyte is complete and the 
decrease of specific conductance with dilution is in the same propor- 
tion as the increase in volume containing 1 gm equivalent of electro- 
lyte so that the product a: and hence equivalent conductance 

does not change. . 

Stron^nd Weak Electrolytes 

equivalent conductances of some electrolytes at differerr 
concentrations are summarized in Table 5’3. 
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Table 5 3 


Equivalent Conductances of Aqneous Solutions of 
Electrolytes at 25°G 
(ohm~i cm ~2 equiv“i) 


■ Concentration 

(equiv lit~') 

HCl 

KCl 

AgNO, 

NaAc 

Na,SO. 

H,SO. 

HAc 

NH.OH 


332-8 

111 9 


49-1 


_ 

_ 

- 


391-32 

128-96 

109-14 


89-98 


— 

3-6 , 


399-09 

133-37 

115-24 

76-92 

97-75 

272-6 

7-4 

5-1 ^ 

002 

407-24 

138-34 

121-41 

81-24 

106-78 

30S-0 

11-6 

8-0 

001 

412-00 

141-27 

124-76 

83-76 

112-44 

336-4 

16-3 

11-3 

0-005 

415-80 

143-55 

127-20 

85-72 

117-15 

364-9 

22 9 

16-0 

0-001 

421-36 

146-95 

130-51 


124-15 

399-5 

49-2 

34-0 

0-0005 

422*74 

147-81 

131-36 


125-74 

413-1 

67-7 

47-0 


A close look at the Table 5'3 reveals that the electrolytes like 
HCl, KCl, H 2 SO 4 , BaCl 2 , etc., have high equivalent conductance 
even at ordinary concentrations and with dilution the equivalent 
conductance increases only slightly. Such electrolytes are known as 
strong electrolytes. On the other hand, electrolytes like 
CH 3 COOH and NH 4 OH have low equivalent conductance and with 
dilution the equivalent conductance increases rapidly. Such electro- 
lytes are known as weak electrolytes. 

If the equivalent conductances of electrolytes are plotted against 
the square root of their concentration as shown in Fig. 5’ 11. two 
types of behaviour are observed. Plots of strong electrolytes 



Fig. 5' It . Equivalent Conductance versus Square root of 
Concentration for some Electrolytes.. 
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like KCl, Na 2 S 04 and CHgCOONa are linear particulariv at low 
concentration, while that for weak electrolyte like CH 3 COOH is 
non-linear. Thus, we can scy that the electrolytes which give essen- 
tially linear plots are classed as strong electrolytes, while these 
which give non-linear plots are known as weak electrolytes. 

In case of a strong electrolyte, the limiting value of its equiva- 
lent conductance can be obtained by extrapolting the plot to zero 
concentration as shown by dotted line in the figure. It should be 
noted that in case of weak electrolytes, this e.xtrapolation method 
cannot be applied as is evident from the curve for a cetic acid. The 
curve is approaching almost tangentially to zero concentration. 


.-“^K^lfausch’s Law 


Since the method given above involving the extrapolation of 
A vs. to zero concentration is not applicable for the evaluation 
of Ao for weak electrolytes, it is determined by the application of 
Kohlrausch’s law of independent migration of ions. Kohlrausch 
investigated the equivalent conductance ' at infinite dilution of a 
number of pairs of electrolytes having a common cation or anion 
at constant temperature. Some of the results at 25°C are shown 
in Table 5.4. 


Table 5.4 

Equivalent Conductances at Infinite Dilution orVarious 
_ Pairs of Electrolytes at 25°C. 

fv Ih (ohm -1 cm 2 equiv'i) 


Pairs of 

Electrolytes with 
common anions 

Ao 

Difference 

Pairs of 

Electrolytes with 
common cations 

1 

f Ao 

Difference 

KCl 

149-86 

23-41 

LiCl 

11503 

4-90 

NaCf 

126-45 


LINO, 

11U13 


KNO, 

144-96 

23-41 

KCl 

149-86 

4-90 

NaNO, 

121-55- 


KNO, 

144-96 


KOH 

271-52 

23-41 

HCl 

426-16 

4-90 

• NaOH 

248-11 


HNO, 

421-26 



' From the table it is evident that the difference in the equivalent 
conductance at infinite dilution of electrolytes having a common ion 
is constant at a particular temperature. For example, the difference 
between Ao for electrolytes having Na+ and K+ ions with p conuncr 
anion is 23*41. Similarly, the difference between Ao for electrolF- 
having Cl“ and NOs" ions with a common cation is 4*90, Tr- 
constancy in the difference of ao is possible only if each ionir^^^ 
electrolyte makes a definite contribution towards the eqnf 
conductance. of the solution irrespective of the other ion wilf - 
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it is associated. Kohlrausch explained this on the basis that at 
infinite dilution the electrolyte is completely dissociated and all 
interionic effects disappear. Hence each ion moves independent of 
its co-ion. Each ion thus contributes its share to the total 
equivalent conductance of the electrolyte which depends on its 
nature only and not on the nature of its co-ion. This led 
KohlrauSch to enunciate the law known after his name as 
Kohlraasch’s law of the independent migration of ions. 
The law stales that r//e equivalent conductance of an electrolyte at 
infinite dilution is equal to the sum of equivalent ionic conductances 
of its cation and anion. Thus, 


Ao— Ao'^'+Ao" ...(5’41) 

« 

where Ao^ and Aq' are the equivalent ionic conductances of 
cation and anion respectively at infinite dilution. 

..JDet^miaation of Equivalent Ionic Conductinces from 
Transport Number. The values of equivalent ionic con Jactances 
can be obtained from their transport numbers at infinite dilution. 
The conductance depends upon the total charge carried by the ions 
and' their speeds. We know that the ionization is complete at in-’ 
finite dilution and the net charge carried by cations and anions is 
constant, hence the equivalent conductance at infinite dilution is 
dependent only on the speeds of the ions. It follows that the 
equivalent ionic conductances of cations and anions will be propor- 
tional to their speeds u~ and k+ respectively. Thus, 


Ao'^ cc «+ 

or Ao+-kM+ ...(5-42) 

and Ad'ocu- 

or Ao"=kw_ ...(5-43) 

From Kohlrausch's law, the equivalent conductance at infinite dilu- 
tion, /\o is given by 


Ao=Ao'*'+Ao 

or Ao=fc(H+4-«_) ...(5.44) 

Dividing Eq. {5’42) by Eq. (5.44), we get 

— -= **+ — fO 

Ao k(H+ 4 .n_) w++H_ + 

or .;.(5-45) 

Similarly Ao" = tO-Ao ...(5.46) 

where /+o and are the transport numbers of cations and anions 
at infinite dilution respectively. These may be obtained by measur- 
ing the transport number at low concentrations and then extrapolat- 
ing the plot t vs, c to zero concentration. Thus, knowing the value 
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of transport number of an ion and the total equivalent conductance 
at infinite dilution, the equivalent ionic conductance of the ion can 
be calculated. Equivalent ionic conductances of some of the ions, 
calculated from the best available values of /\o and at 25°C have 
been summarized in Table 5*5. 

Table 5.5 

Equivalent Ionic Conductances at Infinite Dilution 

at 25°C. 

(ohm~i cm2 equivi) 


Cations 

7.0-^ 

Anions 

/o 

K+ 

349.82 

Cl- 

76-34 

Li+ 

38-69 

Br- 

78-40 

Na-r 

50-11 

1 “ 

76-80 

K-r 

n-51 

• NO," 

■ 71-44 

NH*-)- 

73-40 

OH" 

198-00 . 

Ag-^ 

61-92 

CH,COO- 

40-90 

i Ca-f-+ - 

59-50 

Hcor 

44-48 

i Ba-r-f- 

63-64 

ASO 4 — 

79-80 

i Sr-r-»- 

59-46 

CIO 4 " 

68.00 

^ La-H-f- 

69-6 

jFc{CN), 

110-50 


Example 10. The transport numbers of Na-^ and C}~ ions at 
infinite dilution are 0'3962 and 0.6038 respectively. If the equivalent 
conductance of sodium chloride solution at infinite dilution is 
126’45 ohm't- cm~ eqiiiv't-, calculate the equivalent ionic conductances 
of Ned' and Cr ions at infinite dilution. 

Solution. We know that 

;.=+ = Ao 

and Ao“ — tj’ x A" 

Here A« = rji6-45 ohm~' cm* cquiv“' 

/+“ = 0-3962 
r_o = 0-6038 

= 0-3962 X 126-45 = 50-098 ohm"' cm' equiv"' 

= 0-6038 X126-45 = 76-361 ohm"' cm* equiv"' 

The equivalent ionic conductances at infinite dilution of Na-^ and 
Cl" ions are 30.098 and 76-361 ohm" cm* equiv"' respectively. 


■^t^plication of Kohlrausch’s Law in the Determination 
of Equivalent Conductance of Weak Electrolytes at Infimrr 
Dilution. 


It has already been mentioned that the equivalent condvcc~-'~ 
of weak electrolyte at infinite dilution’.cannot be determined c 
However, such determination can be made indirectly with irr---' , ' 
Kohlrausch's law. There are two methods by which ^^ ' ''■ 
electrolytes can be evaluated ; 
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(j) First Method. This method is based on the fact that /\o 
for strong electrolytes can be determined directly. To understand 
this method, let us lake an example of the determination, of Ao 
acetic acid. In this case, Ao cannot be determined directly, but 
for NaCi, CH 3 COONa, and HCl can be obtained directly because 
all of them arc strong electrolytes. These values arc determined and 
Ao for acetic acid can be evaluated in the following way 


According to the Kohlrausch’s law, 

AoCHaCOONa = AoNa+T-AoCHsCOQ- ...(5-47) 

AoHCI =*: AoH+ +AoCr ...(5-48) 

AoNaCl = AoNa++AoCl- ...(5.49), 

and A 0 CH 3 COOH = AoH+ +A 0 CH 3 COO- ...{5-50) 


Adding Eqs. (5.47) and (5.48) and from this subtracting 
Eq. (5.49), we get 

AoCHsCOONa + AoHCl-AoNaCl 

= AoNa'^'+AflCHsCOO'+AoH'^+AoCl" — AoNa'*' — AoCl” 
= A 0 H++A 0 CH 3 COO- 

= A 0 CH 3 COOH ...(5-51) 

Thus, knowing the values of Ao for CHsCOONa, HCl, and NaCl, 
Ao for CH 3 COOH can be evaluated. 

Similarly, Ao for NH 4 OH can be obtained from the values of 
Ao for NH^Cl, NaOH, and NaCl by the following relation, ; 

A 0 NH 4 OH = AoNH 4 CH-AoNaOH— AoNaCl ...(5*52) 

Example 11. At 25°C, the equivalent conductance at infinite 
dilution of ammonium chloride, sodium hydroxide, and sodium 
chloride are 149'7, 248‘IJ, and 126.4‘> ohm~^ cm^ equiv~t respec- 
tively, Calculate the equivalent conductance of ammonium hydro- 
xide at infinite dilution at 25°C. 

Solution. IVc know tlint 

AoNH.OH AoNH.Cl+AoNaOH— AoNaCl 

Ao‘^'H 4CI — 149-70 ohm~' cm' cquiv~' 

Ao-''<aOH = 2-}8-l 1 ohm”’ cm' cqu)v~' 

AoI'inCl = 12C-45 ohm~‘ cm' equiv' 

149-70+ 248-11— 126-45 
■= 27T36ohm“' cm' equiv’ 

[ii) Second Method. In this method, the equivalent ionic 
conductances, as determined from their transport numbers, arc 
obi.iincd for the cation and ani.m comprising tlie weak electrolyte. 
Accoidsng to Kohlrausch s law, the sum of these two terms will give 
the equivalent conductance ol the weak electrolyte at infinite 
dilution. 
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Example 12. At 25° C, the equivalent conductances at infinite 
dilution of HCl and CH-^COONa are 426-16 and 910 ohm-i cm2 
equiv~K If the transport numbers of H+ and CH-fCOO' ions in 
these electrolytes are 0-821 and O' 449 respectively, calculate the 
equivalent conductance at infinite dilution of acetic acid. 

Solution. We know that 

Ao H+ = AoHc' 

and ;.„CHjCOO“ = AoCHjCOOh” 

Here = 0'821 
t°_ = 0-449 

AoHCI = 456-19 ohm"' cm* equiv"' 

AoCH=COOnO= 91‘0 ohm"' cm* equiv"' 

.*. ;.oH+ = 0-821 X 426- 19 = 349-79 
'•oCH*COO“ = 0-449 x 91-0 = 40-85 
Since AoCH^COOh^ /.oH-^+ZoCHiCOO" 

AoCH*COo" = 349-79+40-85 

= 390-64 ohm"' cm* equiv"' 


Ionic Mobilities 

^ The a*ctual speed of an ion in solution is directly proportional 
to the applied potential and inversely to the distance between the 
electrodes. In other words, the speed of an ion depends upon the 
potential gradient. The speed of an ion in cm per sec under the 
potential gradient of 1 volt cm-t is known as its ionic mobility. 
It is represented by M and has the units cm sec~i/volt cra"i or cm ^2 
sec“i volt"i. The equivalent ionic conductance at infinite dilution is 
proportional to the speed of that ion and hence also proportional to 
its ionic mobility. The relation between the two is given by 


A„-*- = X ^ ...(5-53) 

and Ao“ = 7*°- X f ...(5‘54) 

A„ = A„++;.o-= ...(5-55; 


where f is faraday equal to 96500 coulombs. 

Thus, ionic mobilities of cations and anions are given as 



...(5-56) 

...(5-57) 


The ionic mobility can be obtained by dividing equivalent ionic 
conductance of the ion by the value of the faraday, /.e., 96500 cou- 
lombs. Ionic mobilities of some ions, calculated in this way, arc 
given in Table 5'6. 
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Table 5-6 

Ionic Mobilities at Infinite Dilation at 25°C 
(cm2 sec~i voIt~i) 
i 

(Jx j Anions 

{cm see'') i 


36-20X 10-* Cl- 

3-88x10-* • Br- ' 

5- 20x10-* 1- 

7-62x10-* NO,- 

7-60x10-* OH- 

6- 42 X 10-* CH, COO- 

6-16x10-* SO.- 

Example 13, If the equivalent ionic conductance of ion 
at infinite dilution is 73-40 ohtn~^ cm^ equiv-\i. at 25°C, Calculate 
the ionic mobility of the ion at 25°C. , 

Solution. VVe know th.-it 

73-40 ohm-' cm’ cquiv-' 

96500 coulombs 
73-40 

96500 • 

= 7-607 X 10-* cm’ sec-' volt— 

Thus, the ionic mobility of NH,-^ ion is 7-607X 10~* cm’ sec"' volt-'. 

Example 14. If the ionic mobilities at infinite dilution of 
m and CHs COO- ions at 25°C, are 36-2x10-^ and 4-24 xlO'^ cm^ 
sec-i volt~i respectively, calculate the equivalent ionic conductances 
of each ion and the equivalent conductance at infinite dilution of 
acetic acid at 25°C. 

Solution. VVe know that 
/.0+ = i^°xX3: 
and J 

Here = 36-2x10-* cm’ sec— ' volt-' 

I*”- = 4-24 X 10-* cm’ sec-' volt-' 
and fF™ 96500 coulombs 

' - ^- 0 *^ ~ 36-2x10 *x96500 c= 349*3 ohm—' cm’ equiv— ' 

7.0 4 24x10 *x96500 = 40*92 ohm—' cm’ equiv—' 

Since 

Ao =* 349-3+40-92 

== 390*22 ohm—' cm’ equiv-'. 

Variation of Ionic Conductance with Temperature 

... equivalent ionic conductances at infinite dilution increase 
with the rise in temperature. This can be explained on the fact that 


( 1 % = 
Here /.c+ = 

y = 
1*0+ = 



fi- 

(cm see-’) 


7- 91x10-* 

8- 12x10-* 
7-96x10-* 

7- 40x10-* 
20-50x10-* 

4-24 X 10-* 

8- 27x10-* 
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With the rise of temperature the viscosity of the solution decreases 
and hence the conductance increases. The variation of equivalent 
ionic conductance with temperature is given by the following empi- 
rical relation: 

f-oin = /.o (25°) [l+x(t-25)] ...(5-58) 

where {t°) and (25°) are the equivalent ionic conductances at 
t°C and 25°C respectively and x is a constant for each ion. For 
H'*' and OH“ ions the values of x are approximately 0'0I6 and O'OIS 
respectively and for other ions x may be taken equal to 0'02. With 
the help of this relation, the equivalent ionic conductances at infinite 
dilution at any temperature can be evaluated from the civen values 
at 25°C. 

Applications of Condnctance Measurements. 

'^'^’Tfh^re are a number of applications of conductance measurements. 
Some of the important ones will be discussed here. 

v> . (/) Determination of Degree of Ionization of weak Elec 
trolyte^. At infinite dilution the ionization of the electrolyte is 
complet^nd all ions formed from 1 gm equivalent of the electrolyte 
take part in conducting current. It has already been found that the 
equivalent conductance .at infinite dilution is related to the ionic 
speeds by Eq. (5‘44), i.e., 

Ag=fc {«+ + «_) ...{5-44) 

At a particular concentration, the electrolyte is partially ioni- 
zed. If a be the degree of ionization, then only a fraction a, of 1 gm 
equiv of ions takes part in conducting the current. Hence the equi- 
valent conductance at a particular dilution, i.e., 

A = a fc (m+ + i/_) ...(5-59) 


assuming that the velocities of ions do not change with dilution. 
Dividing Eq. (5’59) by Eq. (5'44), we get 


A. = g ^ (?4+»-) 
Ac (I4+M-) 


...(5-60) 


Eq. (5*60) shows that the degree of ionization can be found by mea- 
suring the conductances at particular and infinite dilutions. Actua- 
lly, Eq. (5’60) gives a fairly good value of a for weak electrolytes, 
but it fails completely in case of strong electrolytes. This is explai- 
ned on the basis that strong electrolytes are almost completely ioni- 
zed even at moderate concentrations. This results in the mutual 
interaction of ions and the speeds of ions vary much with the change 
in concentration, which is contrary to the postulation in the deduc- 
tion of Eq. (5’60). For this reason the quantity A/Ao now termed 
as conductance iratio and not as degree of ionization. I" f'ase of 



weak electrolytes, the number of ions is small. Hence the interionic 
attraction is also small and the speeds of ions do not vary much with 
change in concentration. Thus, A/Ao “ ® holds true and the con- 
ductance ratio gives a fairly good value of a for weak electrolytes. 

Example 15. At 25°C, the equivalent conductance of 0- 01 N 
ammonium hydroxide solution iraj found to be 11’3 ohnv^ cm^ 
eqiiir-t.. The equivalent ionic conductances at infinite dilution of 
NHi+ and OH~ ions at 25°C are 73-40 and 198-00 ohm~i cm^ equiv'i, 
Calatlate the degree of dissociation of the base at this concent- 
ration. 

Solntion. We know that 

A 

° " Ao 

Here A = Il'Sohm"' cm’ equiv"’ 

A« = /.<i+-h;.o" = 73-10+ 198-00 
= 271-40 ohm"' cm’ equiv"’, 

271-40 0'04164 

^Thus, the degree of dissociation of 0-01 N NH.OH = 0 04164. 

Determination of Solubilities of Sparingly Solnble 
Salts. Although the salts like BaS 04 , PbSO^, AgCl, etc., are regar- 
ded as insoluble salts, they do have some solubilities, however small 
they may be. The extremely small solubilities of. these salts cannot 
be determined by ordinary chemical methods However, it has be- 
come possible to determine the solubility of such salts by conduc- 
tance measurements. 


The salt under investigation is washed and suspended in con- 
ductance water. It is then warmed and cooled again at 25°C. An 
extremely minute quantity of the salt will be dissolved and the rest 
will settle down. The specific conductance of the solution is deter- 
mined as already described. Let it be The specific conductance 
of conductivity water is also determined. Let it be rn.O. The 
difference of the two, /.e. — IThio) gives the specific conductance 

due to the ions of th||^^.j^:^olved salts. Since the value of is quite 
low, the correction4H^ j 'fie conductance of water is introduced. 
The solution is extrerBj^ ate and hence it is assumed that alt the 
electrolyte present in tlnfc^solved state is completely ionized in its- 
saturated solution. If the^jlubility of the salt is c gm equiv lit“7, 
then its equivalent conductance would be lOOOxfjes— rnool/c. . The 
solution is so dilute that this equivalent conductance, may be taken 
as the equivalent conductance at infinite dilution, Ao- Thus, 



lOOOxfKs— gH.o) 

Ao 

Ao = ;.o'^+7.o~. 


gm equiv lit"! 


Since 
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1000 X(g>- CHaO) 

Aq-^+Ao" 


gm equiv lifJ 


...(5-61) 


The values of Ao+ and Ao are found from tables and c is determin-' 
ed. The solubility in gm lifi is calculated by multiplying c by 
the equivalent weight of the salt. 


Example 16. At 25°C, the specific conductance of a saturated 
solution of barium sulphate is 4-44x10-^ ohm~t c?7t~i. The specific 
conductance of the water used for the preparation of solution is 
l’34xl0~^ ohm-^ cm~t. If the equivalent ionic conductances of 
iBa-^ and ions are 63'64 ,and 79‘80 ohm~t cm~^ eqtiiv~^ 

respectively, calatlate the solubility of barium sulphate in gm lit~t. 
{Equivalent weight of barium sulphate = 116’7. 

' Solution. We know that 

^ l000x(y,— )CH»o) 

;.o++;.o" 

Here Ks = 4'44xl0“6 ohm~1 cin~1 

= I‘34xl0~‘ ohm~1 cm“l 
P.O+ = 63'64 ohni~1 cm~2 equiv~1 
P.o” = 79‘80 ohni“1 cm2 equi vl 
^ 1000 X (4-44— 1-34) xl0-‘ 

^ ~ ~ r<53-64+79-80) 

1000 x 3'10x 10“‘ 

“ 14314 

s= 2‘162 x 10"’ gm equiv lit“1 
The solubility in gm Ht"1 = c x Equivalent weight 
= 2-162x10-’ X 116-7 


= 2-523 X 10“’ gm lit"! 


X' (U/ ) ' Determination of Degree of Hydrolysis and Hydroly- 
sis 6^stant. When a salt of a weak acid or weak base is dissolved 
water, hydrolysis occurs to form free acid and free base. The fraction 
of the total salt hydrolysed is termed as the degree of hydrolysis. 
It has been possible to determine degree of hydrolysis by conduc- 
tance measurements. 


Consider for example, a solution of salt BA of weak base and 
strong acid in which the following equilibrium is established due to 
hydrolysis. 

BA + HaO ^ BOH -f HA ...(5-62) 

(Unhydrolysed Excess water) (Free base) (Free .acid) 

salt) 

If h is the degree of hydrolysis of the salt, then for every gm equ-' 
of the salt, the number of gm equiv of the unhydrolysed salt, 
base, and free acid will be (1-/0, h, and h respectively present ir 
solution at equilibrium. 
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As the base BOH is weak, it may be considered as almost 
unionized and contributing little towards the conductance of solu- 
tion. Hence the equivalent conductance /\ of the salt solution is 
due to the conductance of (1 — It) equiv of unhydrolysed salt and /? 
equiv of free acid. 


a = (i-/Oa(.J + Mo( *) -(s-es) 


or 


A~ A(ba) 
AotHA)-A(W^ 


...(5-64) 


where /\ is the equivalent conductance of unhydrolysed salt at 
the given dilution and Ao(ma) is the equivalent conductance of the 
free acid HA at infinite dilution. As the acid is strong, it may be 
considered as completely ionized in dilute solution. Hence /\ 0 (ha) 
may be taken as the equivalent conductance of HA at infinite 
dilution. Thus, Ao(ha) be obtained by applying Kohlrausch's 
law. 


Ao(ha) = Ao(h'*') + Ao(a") 


The equivalent conductance of the solution at the given 
dilution is determined usually by measuring its specific conductance. 
To obtain a(ba )5 excess of weak base BOH is added to the solution 
so that the equilibrium is suppressed towards left in Eq. (5'62) and 
the hydrolysis of the salt is suppressed so much that the equivalent 
conductance of the mixture may be taken as the equivalent conduc- 
tance a{ba) of Ibe unhydrolysed salt. Thus, knowing /\, a(ha) 
and y\ (ba) the degree of hydrolysis is calculated. The h of a salt of 
weak acid and strong base may similarly, be given by 


A~A(ta) 

Ao(boh)~A(ba) 


...(5-65) 


The value of hydrolysis donstant Kj, is then obtained from Ostwald 
dilution law (Chapter 6). 


Kj, 


ir- 


where V is the volume of solution in 
salt. 


...( 5 - 66 ) 

litres containing 1 mole of the 


Example 17. The equivalent conductance of 0‘002 M solution 
of aniline hydrochloride is I36'7 ohm-i cm~^ equiv-^ at 25°C. The 
equivalent conductance in presence of excess of aniline is I0T3 ohm-^ 
cni'2- equiv~'^. 'The equivalent conductance of hydrochloric acid solu- 
tion is 426’16 phm~^.cm^ equiv~^. Assuming that the equivalent con- 
ducance of pure aniline is negligible:, calculate the degree of 
hydrolysis and hydrolysis constant of aniline hydrochloride. 
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Solution. We know that 


/, _ A — A(ba ) 

^O(ha) A{n;^) 

Here /\ = 136'7 ohm~1 cm’ cquiv~1 

A(ba) ~ 101 '3 ohm-1 cm’ equiu-1 
Ao(ha) ~ 426'16 ohm"1 cm* cquiv-V 
, 136-7— 101-3 _ 35-4 

" "" 426-16— lors' ' 

= 0-109 

Further, ive know tliat 

/i* 


324-86 


Here 


{l-h)V 
h = 0-109 
1 


F = 


0-002 

(0-109)2 


500 lit 


(1— 0-109) x500 
= 2-667x10-5 


(0-109)2 
0-891 x500 


\'i^^J^')^eterznina.tion of Dissociation Constants of Weak 
Acids and Weak Bases. Suppose a is the degree of dissociation 
of a weak acid HA at the concentration c moles lit'i. The concen- 
trations of dissociated species will be ca moles lit"i and that of 
undissociated acid will be {c — ca) or c(l — a) moles lit-i. Thus, the 
dissociation equilibrium and the equilibrium concentration can be 
written as 


HA 


H+ + A- 


ca 


c(l-a) ca 

Applying the law of mass action, the dissociation constant Kg of 
the acid is given by 

(ca}(ca) 
c(l-a) 

ca^ 


K' — 


then 


Similarly, if Kh is the dissociation constant of a weak base- 


Ki = 


ca2 


(I-aJ 




Since the acid or base is weak, the degree of dissoci*'-'-- 
given by 
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Substituting a/Ao for a in Eq. (5‘67), we get 
c(A/Ao)^ 


Similary 



“ A/Ao) 
A-g 

Ao(Ao a) 


Ki = 




Ao(Ao-A) 



Example 18. 25°C, the equivalent conductance of O'Ol N 

acetic acid solution is 16'3 olint~t- cm^ equiv~t.. The equivalent ionic 
conductances at infinite dilution of //+ and CH^ COO~ ions at 25°C 
are 349-82 and 40-90 ohm~'t cm- equiv~i respectively. Calculate the 
dissociation constant of acetic acid. 


Solution. We know that 

“ a^o-7\)' 

Here A = 16' 3 ohm~1 cm2 equiv“1 

c <= 0-01 gm equiv lit~l 
At. = /.+o+;.~0 = 349-82+40-90 
= 390-72 

„ (16-32) xO-OI 

Aa = 3gor72(390-72— 16-3)~ 

_ (lG-3)^x0- 01 

'390-72 X 374-42 
= 1-816x10-’ 

\ y ...(v),-lietermination of Ionic Product of Water. It is known 
that water is slightly ionized and the following equilibrium exists : 
HaO H+ + OH- 


Applying the law of mass action, the equilibrium 
given by 


[HfiO] 


constant K is 


...(5-71) 


As the concentration of unionized water molecules is in large 
excess, [HoO] may be taken as constant. Hence, we can write 

K„. = [H+][OH-] ...(5-72) 

where K„. is another constant known as ionic product of water. 
1 he concentrations [H+] and [OH~] are expressed in moles lifi. The 
numerical value of K„ can be determined by the conductance 
measurements. 
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The specific conductance k of perfectly pure water is foundto 
be 5'54XlO~8 ohm”i cni~i at 25°C. Since the concentrations of !!+■ 
and OH+ ions existing in pure water are very small, the equivalent 
conductances of H+ and OH~ ions may be taken to be equal to those 
at infinite dilution. The ionic conductances of and OH“ ions at 
infinite dilution are 349‘8 and 198 ’6 ohm“i cm2 equiv~i respectively. 
Thus, the equivalent conductance /\ of water may be written as 

349-8+ 198-6 
548-4 ohm-i cm^ equiv“i 

1000 X 
c 

where c is the concentration of H+ and OH" ion in gra equiv Iit"t. 

1000 XK 

, . c = 

A 

1000X5-54x10-8 

548-4 

— I -01X10“' gm equiv lifi. 

As the number of H+ and OH" ions are equal, the concentration of 
each of the H+ and OH“ ions is 1-01 XlO'^ gm equiv lit“i. Since the 
ions are univalent, gm equiv and gm ion (mole) are the same. Hence 
the concentration of each of the H+ and OH“ ions TOl x 10“'^ mole 
lit-7. Putting these values in Eq. (5-72,) we get 

= (1-01x10-7) (1-OlX 10-7) 

=■ l-02XlO-i«. 


A = 

Now we know that 
A^ 


>/*(vtJ^Gonductometric Titrations. An important practical 
applifcamn of the conductance measurements is conductometric 
titrations, i.e., determination of equivalence or end point of reactions 
between electrolytes. Conductometric titrations are based on the 
fact that during titrations ions of the titrant combine with ions of 
the titre to form weakly ionized molecules e.g., H++OH~ = H 20 or 
a less soluble substance, eg., Ag++CI“=AgCl. The ions thus 
removed are replaced by equivalent amounts of other ions. Since 
the new ions have different conductances, such replacement causes a 
change in the conductance of the solution. The trend of change of 
conductance of the solution before and after the equivalence point 
are different The equivalence point is determined by graphical 
method. ^ _ 
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Conductometric titrations are carried out by taking a known 


volume of one of the solu- 
tions in a suitable conduc- 
tance cell. One of the cells, 
which is commonly used for 
titration purpose is shown 
in . Fig. 5-12. The other 
solution, which should be 
about five times stronger 
than the solution in the cell, 
is added gradually from the 
burette. The conductance 
of the solution after each 
addition is measured using 
Wheatstone bridge. The 


Fig. 512. Conductance cell 


for Titrations 

observed conductance after each addition is corrected for the dilution 



effect by multiplying it with a factor 


V+x 


where V refers to the 


volume of the solution taken initially in the cell and x is the volume 
of the titrant added. The corrected conductance is then plotted 
against the volume of the titrant added. Two straight or nearly 
straight lines, intersecting at a point, are obtained. The point of 
intersection gives the equivalence point of the titration. The volume 
corresponding to this point is noted from the graph and the strength 
of unknown solution is evaluated. 


Now we shall discuss two types of titrations ; (/) Acid-base 
titrations and (//) Precipitation titrations. 


(/) Acid-Base Titratiob. 

(a) Titration of Strong acid with Base. Suppose a j/ro«g 
acid, say hydrochloric acid, is titrated w'/th a strong base, say sodium 
hydroxide. Since both are strong, they may be assumed to be comp- 
letely dissociated in solution. The reaction may be represented as 

H+ + Cl- + Na+ + OH- -♦ Na+ + CP + HgO ...(5-73) 

The acid solution is taken in the conductance cell and the base 
in the burette. Initially, the conductance of hydrochloric acid solution 
is due to H"*" ions and Cl“ ions. When some sodium hydroxide 
solution is added# the fast moving H+ ions are removed to form 
water and replaced by slow moving Na+ ions as is evident from 
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Eq. (5‘73), It follows that the 
conductivity of the solution decr- 
eases. On further addition of 
the base, the conductivity will 
further decrease. After the equi- 
valence point no more H+ ions 
are present. Further addition of 
base causes an increase in the 
conductance of the solution due 
to the addition of free OH" ions. 
The plot I in Fig. 5T3 repre- 
sents the result of such titration. 

In place of strong base sodi- 
um hydroxide suppose a weak 
,, base, say ammonium hydroxide is 
taken in the above case, the rea- 
ction may be represented by 



Fig. 3' 13. Conductometric Titra- 
tion curves, 

I. Strong acid with strong base 

II. Strong .acid with Weak base 
(x is the equivalence point) 

NH4+ + cr + HoO 


H+ -f- Cl- -f NH 4 OH 

When base is added to the acid, the fast moving ions arc replaced 
by slow moving NH 4 + ions and hence the conductance of the solution 
decreases. After equivalence point, further addition of ammonium 
hydroxide solution causes practically no change in the conductance 
of the solution because ammonium hydroxide is a weak base. This 
behaviour is shown by plot II in Fig. 5T3. 


(b) Titration of Weak Acid with Base. When acid is weak and 
the base is strong, the titration curves will be of the type as shown 
by plot I in Fig. 5T4. Suppose acetic acid is titrated against sodium 


hydroxide, the reaction may be 
represented as 

CH 3 COOH -}-Na+-l- OH--^ 
CH3C00--fNa+-}-H20 
Acetic acid being weak acid has 
a low conductance. When base 
is added, poorly conducting acid 
is converted into highly ionized 
sodium acetate nnd hence the 
conductivity of the solution incr- 
eases. After the equivalence point, 
further addition of sodium hydro- 
xide solution furnishes, highly 
conducting free OH- ions and 
hence the conductivity of the 
solution increases more sharply. 



Fig. 5-14 

Coductomctric Titration Curves 

I. Weak acid with Strong base 

II. tVc.ak acid with Weak base 


If both the acid and the base are weak .then the titration curve 
will be of the type as shown by plot II in Fig, 5T4, Suppose acetic 
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acid is titrated against ammonium hydroxide, the reaction may be 
represented as 

CHn COOH + NHj Oil » CHr COO" 4- NHa+ -f HosO 

Initially the conductance will be low because acetic acid is weak. The 
addition of ammonium hydroxide will result in the formation of 
highly conducting ammonium acetate and hence the conductivity 
of the solution increases. After equivalence point, the addition of 
ammonium hydroxide contributes very tittle to the conductaitce of 
the solution because the base is weak, and hence the conductance of 
the solution remains practically unchanged. 


(ii) Precipitation TUrntlons. In ease of precipitation titra* 
lions, e.y., titration between silver nitrate and potassium chloride, 
tile titration curve is shown in Tig. 5*15. The reaction may be 


represented as 

Ag+ 4- NOa-* T K-* 4- Cl' *■ 

4- NOa“ 4- AgCl 
Initially the coiulnctancc of silver 
nitrate solution is due to the Ag+ 
and NOa" presents in the sotvi* 
tion. The addition of potassium 
chloride involves the replacement 
of Ag^ ions by K+ ions. Since 
both these ions have almost same 
conductances, the conductance 
of the solution docs not change 
appreciably. .After equivalence 
point, the addition of potassium 
chloride furnishes more free Cl" 
ions and hence the conductance 



Fig' .Vl5. Coiulartomf.lric Tilr.ilivw 
Oai'vcs fov silver ullr.itc with 
Volnssiiim CWoridc. . 

of the solution increases. 


Ad\Tmtngcs of Conductometric Titrations, tfhe couducto* 
metric titrations have the following advantages ; 

(f) Dilute solutions can be titrated. 

(if) Coloured solutions, e.g., dye stuffs, where ordinary indica- 
tors fail to determine the exact equivalence point, cati be 
titrated. 

(iff) Titration of weak acid with weak base can be carried out 
onductomctrically. 

(fv) Even mixtures of wc.ak and strong acids r.g., (acetic acid 
4-liydrochloric acid) can be titr.atcd. 

. (v) Since the equivalence point is detennined gtaphicaWy, only 
a few measurements before and after the equivalence point 
arc enough and no extra care is to be taken at the equiva- 
lence point. 
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TEST YOUR KNOWLEDGE 

1. Complete the following : 

_ rxtxE 
(0 m = - - 

(«■) t+ = 

(f//) 

OV, ,, = (2^ 

(V) L =-~ 

, . ^ 1000a: 

(w;-) ...=LK 

iviii) K ~ KX 

(fX) := 

W ;.o+=r+'>x 

(xi) ;.(,+= po+x 

(x<7) .... = (no++iio_) X j 

(x;7/) ....= A/Ao 

,^30_00( <s- .,.) 

txjv; c = 

'TSt^aI 


2. Give a term for each of the following : 

(i) Substances which allow the current to pass through them. 

(i7) Process of electrolytic conduction accompanying a chemical 
change in the electrolyte. 

(/i7) Quantity of electricity required to deposit 1 gm equiv.alent of a 
metal at cathode. 

(/V) The fraction of the total current carried across by a particular 
type of ion. 

(v) TTie reciprocal of resistance. 

(vf) Conductance of a solution between two electrodes of 1 sq cm cross 
sectional area placed 1 cm apart. 

(v/n The conductance due to all the ions produced by 1 gm cquiv of 
the electrolyte in solution. 

(vi7i) A factor which when multiplied with the conductance gives spcci* 
fic conductance of the solution. 

(ix) The speed of ion in cm scc~' under the potential gradient of 1 volt 
cm“'. . 

(x) The fraction of the total salt hydrolysed. 
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3. Fill in fhc blanks with appropriate words : , 

(i) The charge carriers in electronic conductors arc and in clectro- 

l^-tic conductors arc 

(//} The ions are always discharged in amounts at the electrodes 

irrespective of their speeds. 

(///■) The lesser the ion is hydrated the would be its transport 

number. 

(iv) The reciprocal of the specific resistance is called the and has 

the units 

(v) The units of equivalent conductance arc......... 

(vi) The specific conductance of a solution while the equivalent 

conductance with dilution. 

(vii) For strong electrolyses, the plot of /\ vs. x/ c at ’ lower concentra- 
tions is 

(viVi) The equivalent conductance at infinite dilution of an electrolyte is 

equal to the sum of. of its cation and anion. 

(ix) The units of ionic mobility arc ; 

(x) The ratio A/ Ao the value of. in case of weak electroly- 
tes. In case of strong electrolytes it is called the 

KEY 

1. (1)7. (»)«+. (FONe, (/t-) 1000O. {y)K, {vi)c, {vii) K, {yiii) R, 

('■«) Ao. (-«) Ao. (xti) ixiii) a, (xiv) ic»t 0 , (xv) /\’e. 

2. (i) Conductors of electricity, {it) Electrolysis, (lYO.Onc faraday, 

{(V) Transport number of ion, (v) Conductance, (vj) Specific Con- 
ductance, i tv/) Equivalent conductance, (v//7) Cell constant, (lx) 
Ionic mobility, (x) Degree of hydrolysis. 

3. (1) electrons, ions, (//) equivalent. (iVi) more, (iV) specific conductance, 

ohm~' cm”', (v) ohm'' cm' cquiv”', (vl) decreases, increases, 

(v'ii) linear, (W/l) equivalent ionic conductances, (/x) cm* see”', 
volt”’, (X) degree of dissociation, conductance ratio. 

Q,UESTIONS 

1. Explain the following terms with c.vamplcs : 

(/) Conductors, (ii) Electrolytes, {Hi) Electrolytic conductors, (iV) Elec- 
tronic conductors and, (r) Non-clcclrolytes. 

2. What is electrolysis ? Explain the mechanism of electrolysis. 

3. State and c-xplain Famday’s laws of electrolysis. Explain the terms 
coulomb, faraday, and clcctro-chcmical equivalent. 

4. How will you demonstrate the migration of ions?. Show with the help 
of examples that the loss of equivalents in any electrode compartment is 
proportional to the speed of ion Ic.aving that compartment, ■ 

5. _What is transport number of an ion ? Describe the Hittorf method for 

,■ Us determination. , . , . ■ , • 

6. Describe the moving boundary method for the determination of trans- 
port numbers. • . ' . 

7. E.xplain specific conductance, equivalent conductance, and molar con- 
ductance. What is the relation between them ? Mention the effect of 
dilution on them. 
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8 Ho\s' will you determine experimentally the conductance and specific 
conductance of an electrolyte ? 

9. State and^ explain the Kohlrauscli law. How this law helps in the deter- 
mination of the equivalent conductance at infinite dilution of a weak 
electrolyte. How are equivalent ionic conductances related with trans- 
port numbers ? 

10. Give the various applications of conductance measurements. 

11. What is the principle of conductometric titrations ? Give its advantages. 
Discuss the conductometric titrations in the following cases. 

( / ) Strong acid with strong base and weak base. 

(// ) Weak acid rvith strong base and tveak base. 

{in) Precipitation reactions. 

12. Write short notes on the following : 

(/ ) Conductance cells (i7i) Coulomcters 

(/V) Ionic mobility (iV) Conductometric titrations. 

13. Explain why ? 

( / ) In the electrolysis of aqueous NaOH solution, H, gas is evolved at 
cathode and Na is not deposited. 

(iV ) One gm equivalent of every substance is deposited by one faraday. 

(in) In the determinatibn of conductance of an electrolyte, A.C. is used 
in place of D.C. 

(iy) The specific conductance of an electrolyte decreases and equivalent 
conductance increases witK dilution. 

(r) The conductance ratio /■\/Ao gives the degree of dissociation for 
weak electrolytes, but not for strong electrolytes. 

14. In an electrolysis of alumina in molten cryolite, 20 amp current was 
passed for 75 min. Calculate the amount of aluminium deposited on 
the cathode. Abo calculate how many litres of o.xygen gas is liberated at 
N.T.P. (Equivalent weight of Aluminium is 8'997) 

[Ans. 8-392 gm, 5-224 lit] 

5. A solution of silver nitrate containing 0^074 gm of AgNOj per gm of 
water was electrolysed in Hittorf apparatus between silver electrodes. 
The anode solution after electrolysis which was weighed equal to 23-378 
gms contained 0-238 gm of AgNO,. In a silver coulomctcr in series 
0-07798 gm of silver was deposited. Calculate the transport numbers of 
Ag+ and NO,~ ions. (Eq. weight of .Ag = 107-87 and AgNOj <= 169-87) 

(Ans. t_ = 0-4563, /_ = 0-5137] 

S. In electrolysis of copper sulphate solution betsveen copper electrodes the 
total mass of copper deposited on the cathode was 0-254 gm and the 
masses of copper sulphate before and after electrolysis were 1-500 gro 
and 2-125 gm respectively. Calculate the transport numbers ofCu-*-*- 
and SOa — ions.' (Copper = 63'54 copper sulphate = 249-5-1) 

[Ans. r- = 0-3733, /_ = 0-6267] 

7. Silver nitrate solution was electrolysed between platinum electrodes. 
The concentration of silver nitrate in both the compartments before 
electrolysis was 10-075 gm and after electrolysis it was 9-420 and 9-366 gm 
in the anode and cathode compartments respectively. Calculate the 
transport numbers of Ag- and NOj— ions. 

(Ans. /- = 0-4801, t_ = 0-5193] 
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18. 


19. 


In !\ moving boundary roiperimcnl for the determination of transport 
number of ions in 0 0I<V NaCl using CdCI, solution as the indicator solu- 
tion at 25<’C, it was observed that with the current of 0-0032 amp, the 
time required to move the boundary through 4-0 cm was 1330 see. The 
area of cross section of the 'Utbe was 0-1113 cm2. Calculate the trans- 


port number of Na-^ and Cl" ions. 


(Ans. /+ - 0-3892, /_ «= 0-0103] 


A conductance cell containing a solution of 0-01 JVKCl at 18°C offered 
a resistance of 200 ohms. If the specific conductance of 0-01 W KCl 
solution at 18'C is 0-001223 cm"', calculate the cell constant. 

[Ans. 0-2446 cm"' ] 


20. 0-5 N solution of a salt occupying a volume between two platinum elec- 
trodes 1-72 cm apart and of area -t-S sq cm has a resistance of 25 ohms. 
Calculate the equivalent conductance of the solution. 

y' [Ans. 30-58 ohm"' ept* cquiv"'] 

21. A conductivity cell containing 0-1 AfKCl solution at 25»G oflTcred a 
resistance of 18-9 ohms. If the cell constant of the cell is 0-2438 cm"', 
calculate (a) the specific conductance and {b) the equivalent conductance 
of the solution. 

[Ans. (a) 0-01290 ohm"’ cm"’ (b) 129-0 ohm"' cm' cquiv"’] 

22. The transport numbers of Ag-* and NO," ions at _ infinite dilution at 
25'G arc 0-4641 and 0-5359 respectively. If the equivalent conductance 
at infinite dilution of silver nitrate solution is 133-36 ohm"' cm* cquiv”', 
calculate the equivalent ionic conductances of Ag-t- and NO," ions at 
infinite dilution. 

[Ans. = 61-90 ohm"' cm* cquiv"', ;.o" t= 71-48 ohm" cm' cquiv"'] 

23. At -iS'C, the equivalent conductances at infinite dilution of sodium ace- 
tate, hydrochloric acid, and sodium chloride arc 91-01, 42G'10, and 126-45 
ohm"' cm"' cquit-"'. Calculate the equivalent conductance of acetic 
acid at infinite dilution at 25''C. 

[Ans. 390-72 ohm"' cm' cquiv"'] 

24. At 25''C the cqaivalcnt conductances at infinite dilution of NH,G1 and 
NaOH arc 149-74 and 248-11 ohm"' cm' cquiv”'. If the transport 
numbers of NH,+ and OH" ions in these electrolytes arc 0-4903 and 0-798 
respectively, calculate the equivalent conductance at infinite dilute of 
ammonium hydroxide. 

JAns. 271-91 ohm"' cm' cquiv"'] 

25. If the cnuiyalcnt ionic conductance of CH,COO" ion at infinite dilu- 
tion is 40-90 ohm"' cm* cquiv"' .at 25'’C. Calculate the ionic mobility 
of the ion at 23'C. 

(Ans. 4-238x10"* cm* see"' volt"'] 

26. If the ionic mobilities at infinite dilution of NI'L-t- and OH" ions at 
25''G arc 7-GOx^lO * and 20’50x 10"* cm* see"' volt"* respectively, cal- 
culate the equivalent conductance at infinite dilution of ammonium 
hydroxide at 25'C. 

[Ans. 271-1 ohm"' cm' cquiv"'} 

27. At 2;)*C, the ^specific conductance of 0-1 Af acetic acid solution is 
0'000a..74 ohm ' cm '. If the equivalent ionic conductances at infinite 
dilution of H-» and GH.COO" ions ate 349 02 and 40-90 ohm"' cm* 
cquiv"' respectively at 25'C. Calculate the degree of dissociation of the 

fcid. {A.OS. 0-0135] 
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28. The soecific conductance of a saturated solution of AgCl at 25'C was 
found to be 3’4I x 10“‘ ohm""' cm~'. The specific conductance for water 
used to makeup the solution was 1 ‘60 x 10“‘ ohm“' cm"'. Determine 
the solubility of AgCl in water in moles lit"' at 25'C. The equivalent 
conductance of AgCl at infinite dilution is 138'3 ohm"' cm' cquiv"'. 
(Eq. weight of AgCl is 143-32) 

[Ans. 1-876x10"’ moles lit"'j 

29. At 25°C, the equivalent conductance of a solution of aniline hydrochlo- 
ride was found to be 150 ohm"' cm' cquis-"' at certain dilution. In 
presence of excess of aniline the value of equivalent conductance was 
found to be 100 ohm"' cm' cquiv"'. If the equivalent conductance at 
infinite dilution of HCl at 25‘’C is 426-16 ohm"' cm* cquiv"', calculate 
the degree of hydrolysis of the salt. 

[Ans. 15-33%] 

30. At 25‘’G, the equivalent conductance of 0-05 N acetic acid solution was 
found to be 7-358 ohm"' cm"'. The equivalent ionic conductances at 
infinite dilution of H"'' and CHjCOO" ions at 25‘'C arc 3-19-S2 and 40'90 
ohm"' cm* equiv"' respectively. Calculate the dissociation constant of 
acetic acid. 


[Ans. 1-807x10-*] 



Ionic Equilibria 


p Introduction 

The conductance of the aqueous solutions of electrolytes and 
their electrolysis have already been studied in the last chapter. 
Faraday studied the phenomena associated with electrolysis of elec- 
trolytes in 1832. Kohlrausch published a long series of papers on 
the conductance of electrolytes from 1869 to 1880. At this stage, 
the study of colligative properties of dilute solutions by van't Hoff 
revealed that large deviations are found from the van't Hoff equation 
in case of electrolytes. Thus, one of the fundamental theoretical 
problems in physical chemistry was to explain such peculiar beha- 
viour of electrolytes. Some attempts were made by Grotthus and 
Clausius but they could not give a satisfactory mechanism to explain 
the electrolytic conduction and the various related phenomena. 
Arrhenius in 1887 gave a satisfactory theory of electrolytic dissocia- 
tion which not only explained these behaviour of electrolytes, but 
in fact, formed the basts of modern treatment of electrolytes. 
Arrhenius Theory of Electrolytic Dissociation 
n:/ When Arrhenius proposed the theory of electrolytic dissocia- 
tion, electron was not discovered and very little was known about the 
structure of atom. Hence Arrhenius theory has been modified in the 
light of modern discoveries. The theory, in its modern form, con- 
sists of the following postulates : 

(j) When electrolytes are dissolved in water, they dissociate 
spontaneously into positively and negatively charged particles called 
ions. The positively charged particles are called cations and the 
negatively charged particles are called anions. The ions arc free to 
move in the solution. 

(//) The ions in the solution are constantly recombining to form 
the undissociated molecules and hence a dynamic equilibrium exists 
between the dissociated and the undissociated molecules. 

AB ^ A+-f B- ...(6T) 

Such an equilibrium is called ionic or dissociation cquili- 
brinin. 

{Hi) The fraction of the electrolyte dissociated is called the 
degree of dissociation. The decree of dissociation increases with 
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dilution. Its value tends to approticl) unify nf 'uilUiU'i dilnijnii wlu n 
the electrolyte is regarded as completely ftilo ionti, 

(iv) The total positive charge of all the eationo if; viim\ p, i)),> 
total negative charge of all the anions present in (he solntjen 
hence the solution as such is neutral, 

(v) When a potential is applied to the .V/lntien, eationf; nn/yc 
towards the cathode and anions tov/ards the anode, '/ his /nnyen/' /H 
of ions is responsible for the conduction of the eh^;fr?e etn/v/n p; 
solution. The conductance depends upon the tiutn'i/j and ns) no 
of ions. 

(vj) Each ion behaves like a molecule in (]hy>hiymz ih‘: 
tive properties like osmotic pressure, freer/ing point iov/e//«;t, hv/i//,y 
point elevation, etc., of the solutions, 

(rff) The properties of an electrolytic solution ate )/,’s pnn..'o 
ties of its ions. 

These postulates led Arrhenius to calculate the o; d.'u.o • 
ciation of electrolytes from conductance rnsaecrcn';en'‘t, 
that the increase in the equivalent condoctancco> an wr,;', 

dilution is due to the increase in the degree of dhvV.o>.fio,',, Af 
infinite dilution, the electrolyte is completely d.o.oeo,l4.ted, rfy-;'//, dirf 
degree of dissociation approaches the rnaxirricr,-; s'a;' v?/..c,y 
consequently equivalent conductance also reacyree; r.vv/ipit.ini 
value. Thus, the ratio of equivalent corrduCta roe of a 
at any particular dilation and that at infinite diTctfon, .trooy.'d' ilh'Stiiv 
degree of dissociation c of the electrols-’te at i-Mno-'V 

Arrhenius gave the relation 


C 


A., 


yd-f'. 


where A a-nd Ac are the equfvafent corr<f 00^50.0.0 of a:! jfeo'mi; 
a particular dilution and at infinite dilution rKpe-cti’-’i-:-;.- T.v 
could calculate degree of dissociations of vseiou'; cifCO’miys 
different dilutions, van’t ft'off also ca Feu iaioi' fire dlKreo U' • 
ciations of electrolytes by studying their coihgao'’e p-sorrl-r 
the relation 

/—I . 


where / is the van’t ffoff factorard A is fhenanfir-e' rr.'-f'' ' ' ■ 

electrolyte splits up. It was found iha:’. fiie- 'skue fi 
dissociations calculated- bv Eo, (dfibj talded ;rdr:'fi 'e -O- ' 

calculated by Eq, (d'Sv, "Tbas. the theory of • 

strong support. 

f., ■ a stronwevidenee irr favour of ' 

tarnished by Oswald f IS^?) by deducing the' 
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^twald’s Dilution Law 

Ostwald applied the law of mass action to the ionic equilibria 
postulated by Arrhenius and derived a relation governing the varia- 
tion of equivalent conductance of the electrolyte and its concentra- 
tion. Let us take a general electrolyte A^By which on dissociation 
gives X ions of A each having charge z+ and y ions of B each having 
charge z_ according to the equation 

A*By .rA'=++.vB'~ ...(6-4) 

Suppose the original concentration of the electrolyte is c moles lit" 
and the degree of dissociation is a. The initial and the equilibrium 
concentrations of the various species in the solution are given as 

A*By xA*++yB=^- 

Initial cone. c 0 0 

Equilibrium cone. e(l — a) xca yea 

Applying the law of mass action, the equilibrium constant ex- 
pression is 

K - 

' [A,By] 


or 


(xedf (yco)y 

C5> 

e(l— aj 

r, .V* V>’ {a*+>’) ) 

A. = — ^ 


...(6-5) 


This is general mathematical form of Ostwald’s dilution law. 
K is known as dissociation constant or ionization constant. 


In case of dissociation of uni-univalent electrolyte according to 
the equation 

AB A+ 4- B~ 

Initial cone c 0 0 

Equilibrium cone e(l — a) ca ca 
where .v = y = 1, Eq. {6'5) reduces to 


I 


K 


ca^ 


...( 6 - 6 ) 


For an electrolyte of the type ABs, the dissociation is given by 
AB2:^A2++2B- 
Initial cone. c 0 0 

Equilibrium cone. c(l — a) ca ca 


Here x — 1, 3 ' ^ 2 and hence Eq. (6'5) reduces to 


A' = 


4c-a3 


...(6-7) 
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For simplicity we take the case of uni-univaient electrohte. 
Putting the value ot a from the Arrhenius expression a=A'A'v f- 
Eq. (6*6) we get. 


or 


K==- 


c(A/A)^)= 


K-- 


1— (A'Ao) 
cA^ 

'Ao(Ao-A) 




This is mathematical expression of Ostwald’s dilution lav.- 
applied to the iwi univalent electrolyte. 

For uni-univalent weak electrolytes, a is very small as ccr:> 
pared to 1. Hence in eq. (6-6), (I— a) may be taken equal to I. 
Eq. (6"6) takes the form. 


K^ca'2 

or a—^kjc •••(6'?) 

^ This is an approximate form of Ostwald’s dilution law for 
uni-univalent weak electrolytes. 

It can be seen from Eq. (6' 5) that as c-*0, a must increase and 
tends to unity to maintain the constant value of K. Thus, the fact 
that the degree of dissociation increases with dilution is essentially a 
consequence of the existence of a dissociation equilibrium postulated 
by Arrhenius in which the number of particles increases due to 
dissociation., 

n/ ^.^y^e^ica.tion of Ostwald’s Dilution Law. In order to verify 
the Ostwald dilution law experimentally, equivalentc oiiductancc. A, 
of an electrolyte are determined at various concentrations c. Tlic 
value of equivalent conductance at infinite dilution Aq can he 
obtained by Kohlraush law 


Ao=A+o + '^ 0 

where A.o'*' and Ao“ are equivalent ionic conductances at infinite dilu- 
tion of cations and anions respectively consisting (lie electrolyte. 
The values of A+o ^nd A“o found from the tables- The value.s of 
A. c and Ao are then put in the following equation 

cA* 

Ao(Ao~A) 

and the value of K is determined at various dilutions. It h 
that the value of K comes out to be reasonably constant 
weak electrolytes at a given temperature. Table 6"i slioWJ 
of K of acetic acid at various dilutions at 25"C, 



214 


PHYSICAL CHEMISTRY 


Table 6- 1 

Dissociation Constants of Acetic acid to Aqueous Solution ^ 

at 25°G 


Ao = 390-7 ohm~i cm” equiv-i 


Concentration 

CXIO’ 

A 

Q 

II 

K ~ 

^therm 

- (1-a) 

0 028014 

210-38 

0-53926 

1-768x10-’ 

1-752x10-’ 

0-11135 

127-75 

0-327710 

1 778x10-’ 

1-753x10-.’ . 

0-15321 

112-05 . 

0-28751 

1-777x10-’ 

1-750x10-’ 

0-21844 

96-493 

0-2-4767 

1-781x10-’ 

1-750x10-’ 

1-02831 

48-146 

0-12377 

1-797x10-’ 

1-750x10-’ 

2-4MC 

32-217 

0-08290 

1-809x10-’ 

1-750x10-’ . 

5-91153 

20-962 

0-05401 1 

1-823X 10-’ 

1-748x10-’ 

• 


Example 1. M/20 solution of acetic acid was found to be 
1'89\ dissociated. Calculate the dissociation constant of the acid 


Solution. Wc know that 


Here 


A' = 


c q- 

( 1 — 3 ) 


c 



0-05 moles lif’ 


o = 1-89/100 = 0-0189 

0'05 X (0^0^89)* 1 -Pj 1 X 1 Q-’ 

i Example 2. The equivalent conductance of 0 02 M solution of 
acetic acid was found to be IT 57 ohnrt^ cni^ equiv-t at 25°C. The 
equivalent ionic conductances of and CHzCOO- ions at infinite 
dilution are 349-82 and 40-9 ohm~^ ent^ equiv~t respectively at the 
same temperature. Calculate the dissociation constant of acetic acid. 

Solution. We know that 


Here 



cA* 

AoloA — A) 

0- 02 moles lit"' 

1 1 "57 ohm”' cm’ cquiv"' 
/.o- +/.o“ = -10-9+349-82 
390-72 ohm"' cm’ equiv’ 
0-02 X (11-57)’ 
390-72{390-72— ri.57)~ 

1- 807x10-’ 


Example 3. If the degree of dissociation of NjW acetic acid 
solution is 0-0133 at 25°C, what will be the degree of dissociation 
of NjSO acetic acid solution at the same temperature. 

Solution. (/) Calcalation of K 

Wc know that using approxim.ite formula 
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K ~ ca^ 

Here c = 1/10 = O-l mole lif 

o = 0-0133 
A' = 0-1 X (0-01 33)* 

(») Calculation of a for N/50 acetic acid solution 
We know that 


A" - fc* 


Here 


c = 


1 

50' 


0-02 mole lit"' 


or 


0.1x(0-0133)* = 0-02xc" 

, 0 1x(00133)* 

“ "" 0-02 


or c = 0.02975 

of Ostwald’s Dilution Law, \Vc have seen that 
Ostwald’s dilution law is valid in case of weak electrolytes. When 
the law is applied to strong electrolytes like HCl, KCI, NaCl, etc., 
it fails completely. The value of dissociation constant does not 
come out to be constant at various concentrations. Table 6'2 shows 
the values of K for hydrochloric acid solution at 25°C at various 
concentrations. The value of K is not constant and goes on incrca* 
sing with increasing concentration. 


Table 6‘2 

Degrees of Dissociation and Dis.sociation Constant of 
Hydrochloric Acid calculated according to Ostwnld Dilution 
law at 25°G. • 


/\o == 426' 16 olim"l cm2 cquiv i 


Concentration 
{moles lit~') 

ohtrr' 

° A/Ao 

A'- 

i“~a 

0-001 

421 -30 


0-007 

0.005 

415-80 

0-97.5 

0.190 

0-01 

412-00 

0-96G 

0-201 

0-05 

399.09 

0-937 

0-G90 

0-10 

391-32 

0-910 

1-055 

0-5 

359-2 


2-20 

1-0 

332-0 

0-700 

2'7n 


'y.'dLimitations of Arrhenius Theory. 


In the beginning of twentieth century it was realized that Ar- 
rhenius theory of electrolyte dissociation suffers from certain limita- 
tions and defects in the light of modern developments. Some 
important limitations arc given belov.' : 

(i) Ostwald dilution law, which is based on Arrheniiv theory 
docs not give the constant value of K in case of .stre 
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It means that the dissociation equilibrium, as postulated by Arrheni- 
us, does not exist in strong electrolytes, 

(ii) The degree of dissociation a calculated by Arrhenius from 
conductance ratio A/Ao case of strong electrolytes was not in 
agreement with that obtained from van't Hoff factor i. 

(Hi} According to ionic theory, the degree of dissociation of 
strong acids like HCl, H 2 SO 4 , HNO 3 etc., should be different at a 
given concentration. Hence the heats of neutralization /\,H of these 
acids with a strong base should be different. Already, values 
of these acids with a strong base are top concordant to reflect the 
differences in the value of a. 


(/v) The X-ray examination of NaCl crystal has revealed that 
it consists 'Wholly of ions even in the solid state. Hence it cannot 
be understood how the dissolution of an ionic salt in water can 
form ‘molecules’ in the Arrhenius sense of the word. 


(v) This theory does not explain the cause of ionization. 


(vi) It does not incorporate interionic effects. 

(vii) Strong electrolytes like NaCl, KCl, etc., conduct electri- 
city even in the molten state. It shows that dissociation should 
have taken place in absence of water. 

(viii) It was found experimentally that transport numbers 
vary with concentration. Dissociation theory could , not explain 
these variations in transport numbers. 

(ix) Absorption spectra of dilute solutions of strong electro- 
lytes gave no evidence for the existence of undissociated molecules 
in dilute solutions. 


DeHy^^uckel Theory of Strong Electrolytes 


In the light of limitations discussed above it was felt that 
Arrhenius theory, though valid for weak electrolytes completely 
fails when applied to strong electrolytes Hence attempts were 
made by Sutherland, Bjerrum, Milner, and Ghosh to evolve a theory 
which could satisfactorily explain the behaviour of strong electro- 
lytes, but they could achieve little success. In 1923 Debye and 
Huckcl put forward the pioneering theory of strong electrolytes 
quantitatively which opened a new era in the study of electrochemis- 
try. The theory was subsequently improved by Onsager (1926), 

The fundamental postulate of this theory is that the strong 
electrolytes are completely dissociated at all reasonable concentra- 
tions. This idea is in accordance with the X-ray analysis of the 
crystal structures of clectroyalcnt compounds, such as NaCl, KCI, 
etc., according to which these compounds consist of only ions even in 
the solid state. No molecules have been found to exist. When 
these electrovalent compounds arc dissolved in water, it is reasonable 
to assume that the ion, which already existed in solid state, become 
free to move in solution and are able to conduct electricity. Thus, 
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Strong electrolytes are completely ns nm'II ns di.ssoi'imrj |j( 

solution at all reasonable concentrations, IT siuh is llir c.oo, ilu'u 
the change in equivalent conductance cannot he attrihuted to the 
change in the degree of dissociation, bcciuise degree of dissoei.dion 
is always unity. Hence the variation of condiiclunee w itluoiieont. 
ration must be due to the change in ionie speeds, Wltrii tin' 
solution of electrolyte is infinitely dilute, then the ions are fin np-nt 
and they exert negligible influence on one nnotlier, When the 
concentration of the solution is incren.scd, then the ions eonu* olosei 
and inierionic attraction develops, whicit resnltj; in the rlceteiise 
of ionic speeds. Hence the equivalent condnetnnee (leo'enses, 'I hn’i, 
the fall in equivalent conduciancc with invrcaslny. voiiirntnition h 
due to the decrease in ionic speeds on account of infcrlonlc attract- 
ion, and not partial dissociation. Tliis is tlic basis of Debye IliieKel 
theory in its simplest 


When a electric potential is applied to the soliilio/i of a s(roii|t 
electrolyte, the ions do not move towards e/cclrodcft in Mraij'lil lines, 
Their motion is through a zig-zag paili similar lo llrov/nian move* 
ment, but the average drift of the ion is lov/ard;, clcclrodc', In nii 
electric field. According to Debyc-Huckel theory, the ionii; 
in the presence of applied potential, arc retarded hy the fvai c.li’rciu 
as given below : 


1. Asymmetry or Relaxation Effect, Jt v/w, p'r.UlhiU'd hy 
the theory that due to the attraction heiv,ccn the chnti/cd 

ions tbe0t^c!ttet-dueH<H.he'a^ttra£tior. ivJtwr^en-thc oppouteiy churyf-i 
atmosphere of oppositely charged ion: in the ab'.ftncc ot any 
potential. Such an atmosphere of oppositely charged loir. a, cuUmi an 


e 


0 
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On applying a potential the cation moves towards cathode. The 
ionic atmosphere has some inertia, hence it cannot adjust • itself to 
the new position of the moving ion instantaneously. In other words, 
ionic atmosphere requires some relaxation time to readjust itself with 
the moving ion. As a result of this, the ionic atmosphere becomes 
asymmetric as shown in Fig. 6T (i/) and there is a net accumulation 
of opposite charge behind the moving ion. This accumulated opposite 
change exerts an electrostatic drag in the direction opposite to the 
motion of the ion causing its speed to decrease. This effect on the 
speed of the ion is known as asymmetric or relaxation effect, 
because it arises due to the asymmetry or relaxation of the ionic 
atmosphere. 

2,^lectroplioretic Effect. It arises due to the fact that the 
ionTiTmmosphere itself moves in a direction opposite to that of the 
central ion. Moreover, the ions of the atrhosphere are also solvated 
so that they tend to carry the solvent molecules associated with them. 
Thus, there results a net flow of solvent molecules in a direction 
opposite to that of the motion of central ion which itself is also 
solvated. Consequently, the central ion has to make its way against 
the counter flow of solvent molecules in opposite direction. Hence 
the speed of the ion decreases. This effect on the speed of the ion 
is known as electrophoretic effect, because it is analogous to the 
electrophoresis in colloids. 


Debye and Huckel obtained the steady state of motion of the 
ion by equating the electric driving force to the sum of retardations 
caused by asymmetric and electrophoretic effects. They calculated 
the magnitude of each of the effect and derived the equation for the 
equivalent conductance of an electrolyte, which was subsequently 
improved by Onsagar. Hence the equation is known as Debye- 
Huckcl-Ocsager equation or in short Onsager equation as siven 
below. 


A Ao- 


82-48 8- 20 X 105 ' n 

\tT)l 


ci 


...{6-10) 


where a<. is the equivalent conductance of the^-electrolyfe' at infinite 
dilution, € and ^ are the dielectric constant and viscosity of the 
medium respectively, T is the absolute temperature, and c is the 
concentration of the electrolyte in moles lifi 


As Ao idr electrolyte is constant and so also is « for a given 
solvent, it can be seen from Eq. t6-l0) that a decreases with increase 
of concentration in a given solvent and at a constant temperature. 
This fall in equivalent conductance is partially due to electrophoretic 
effect and partially due to asymmmctric effect. In the bracket, the 
first term is due to the electrophoretic effect and the second term is 
due to asymmetric effect. The sum of these two terms multiplied with 
the square root cf concentration gives the difference between ho 
and A- 
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Verification of Debye-Huckel-Onsager Equation 

If the equivalent conductance of a solution of electrolyte is 
measured at various. concentrations in the same solvent at a particular 
temperature, then Eq. (6‘10) can be written as 

A = Ao-(^ + 5 Ao)v^ ...(6-11) 

where A and B are constants. Since /vo is constant for an electro- 
lyte, Eq, (6-1 1) is ^inear relation beiwcen /\ and v'T'. Thus, if a is 
plotted against ^ c , a straight line should be obtained according to 
Onsager equation. The experimental values of a ^md ^/~r have 
been plotted for various electrolytes and actually straight lines have 
been obtained at low concentrations as shown in Fig, 6'2. Moreover, 
the slopes of the straight lines obtained from the graphitally with 
those calculated from Eq. (6M0). Thus, the Onsager equation is 
verified experimentally at low concentrations. At infinite dilution 
c approaches zero so that the second term in the Eq. (6'11) becomes 
negligible and a approaches Ao in accordance with the experiment. 



Fig. 6'2. Plot between A Various Electrolytes. 

Further confirmation for the correctness of Debye-Huckel 
theory have been obtained from a number of effects occurring in 
couductance experiments. It can be seen in Eq. (6' 10) that the 
dielectric constant e appears in the denominator of both the terms in 
bracket. This means that the equivalent conductance must fall with 
increase in concentration more rapidly in the solvent of low 
dielectric constant than in water. Experiments with solvents like 
ethyl alcohol, acetonitrile, etc., having low values of dielectric 
constant have actually supported this conclusion. 

As the frequency of alternating current is increased, a point is 
reached when ionic atmosphere cannot follow the rapidly v.tpmg 
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field. As a result of this, ions move independent of each other and 
the increase in conductance is expected. This has actually been 
observed with A.C. frequency of the order ofSXlO® cycles sec“i and 
the effect is known as Debye— Falkenhagen effect. 

Another support for the theory is obtained by the study of 
conductance of electrolytes at high field strengths, i.e., of the order 
of 105 volts cm"!. At such high field strengths it is expect tliated the 
ionic speeds become so large that ionic atmosphere should be left 
behind and the ions should move freely. This should result in the 
increase of conductance, which has actually been observed. This 
effect is known as Wien effect. 


It must, however, be noted that Onsager equation gives excellent 
agreement with experimental conductance data at low concentration. 
The range of validity becomes higher in the case of uni-un ivalent 
electrolytes. ' 


and Activity CoeflBcient. 

Consider the dissociation equilibrium of acetic acid, 
CH 3 COOH H+ + CH 3 COO- 
thc dissociation constant K of which is given by 


K == 


Ch '* XC ch’COO" 
^'CHjCOOH 


...( 6 - 12 ) 


K can be given in terms of degree of dissociation a of acetic acid its 
concentration in moles iit~i as 


K = 


a-c 


.(6-13) 


(1-a) 

The values of K found from Eq. (6’13) have been shown in Table 6 T. 
A closer examination of the values of K in the table shown that they 
arc not strictly constant. The value of K goes on increasing 
gradually with increasing concentration. What is the cause of this 
drift in the value of Iv ? It can be explained in the following manner. 


The quantities used in the law of mass action are active masses, 
which have been stated to be proportional t-o molar concentrations. 
In solutions of electrolytes the freedom of molecules and ions' arc 
affected by interionic and ion-dipole interactions. Ions of opposite 
charge arc attracted towards each other and those of similar charge, 
are repelled. In addition to this, solvated ions are also formed due 
to ion-dipolc attraction. The net effect of all these .interactions is 
that a solution of electrolyte, like CH 3 COOH behaves as if its conce- 
ntration were greater, equal to, or less than the actual concentration. 
Thus, the effective concentration of acetic acid in solutions may differ 
from its actual concentration depending upon the relative magnitudes 
of interionic and ion-dipiole interactions. It is, therefore, clear that 
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the electrolytic solutions may behave in such a way that their actual 
concentration is not effective. An wc used tiic actual concentrations 
in the calculation of ii: from Eq. (6-13), it docs not come out to be 
strictly constant. Similar deviations arc observed in the study of 
colligative properties of electrolytes, if wc use actual concentrat ion 
terms. These deviations arc enhanced particularly in case of stronit 
electrolytes, because strong electrolytes arc almost completely ioni- 
sed, which results in the increase of inter-ionic and ion-dipole intcnic- 
tions. 


It was suggested that if effective concentrations arc substituted 
for active masses, then the mathematical forms of various laws 
involving concentration terms are also maintained and tlic expressi- 
ons of the laws can be applied to real systems. Lewis suggested 
the term activity for effective concent r act ion. It is represented by 
a. Thus, if activities of various chemical species arc substituted for 
concentration terms in Eq. (6‘12), then it takes the form, 


_ flH^XacH.coo" 

<^CH’C00H 

where K is the true (thermodynamic) constant. Us value is constant 
and is independent of the concentration of acetic acid as can be .seen 
in the. last column of Table 6’I. The activity i>f a chemical species 
is related to the molar concentration c and is defined by the follow- 
ing expression, 

fl = /c ,..(6 15) 

wherey is a factor, called activity coefficient. Rearranging Eq, 
(6' 15) we get 

f=^ ...(6' 16) 

^ c 

Thus, activity coefficient may be defined as the rat. o of acthily 
to actual concentration. 


According to conventions, if concentratio.n 
molality m i.e., moles per 1000 gm of solve.-t, then 
efficient is denoted b}' y. Thus, Ec, (^'^6) ta.-.es me 


is expressed in 
the activity co- 


c 



In aqueous solutions, laolamty 

therefore the value off 

trated solutions/ anc / '-n- --c 




In mare c-sneen' 


At infinite 

interionic interaction 

of activity coefficient -i----- - 
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we may say that activity and actual concentration become identical. 
In other words, we mean that the real systems approach the ideal 
behaviour. At appreciable concentrations, interionic forces develop 
and the values of / depart from unity. In other words, we say that 
the real systems depart from ideal behaviour. Thus, activity co- 
efficient e.xpresses the departure from ideal behaviour. Various laws 
involving concentration terras are applicable to ideal systems only, 
but these laws in terras of activities are quite general and can be 
applied to ideal as well as real systems. In case of strong electro- 
lytes, there is a remarkable departure from ideal behaviour except 
at infinite dilution. Hence the activity coefficients differ markedly 
from unity and also change with concentration. 

ft 

Activity of an Electrolyte. It must be noted that 
the activities or activity coefficient of a particular type of ion cannot 
be determined experimentally because it is impossible to prepare a 
solution containing only one type of ion, However, it is convenient 
to relate the activity of an electrolyte, which is a measurable quantity 
to the individual activities of the ions into which it dissociates. For 
example, KCl dissociates in solution according to equation 

KCI K+ -b Cl- 

The activity of KCl can be determined experimentally. If a denotes 
the activity of KCl and and denote the activities of cations 
and anions respectively, then we can write as definitions ■■ 

a = a+a_ = a2± ..’.(6‘18) 

or ^ ^ a ...(6*19) 

Thus, we see that the quantity is the geometric mean of a^. and 
fl_, hence it is called mean activity of the ions. In the same way if 
/+ and /_ are the activity coefficients of cations and anions respec- 
tively then the mean activity coefficient /± of the ions will be 
given by the expression 


U =V/+7_ 

Now consider a general electrolyte A*B which dissociates into 
X ions of A, each having charge z+ and y ions ofB, each having 
charge r_, according to the equation 

A* By ^ xA®+ + yB'“ 

The activity a of the electrolyte is given by 

a ~ 

or a± = [ 0 +* a_^]iH*+y) = 


...( 6 - 21 ) 

..,( 6 - 22 ) 
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Similarly, the mean activity coefficient/ ±, is given by 

U = [/+==/-^]’ ...(6-23) 

The relation between mean activity and mean activity coefficient 
can be obtained in the following way. 

The individual ionic activity coefficients are given by 


a+ = /+C+ and = /_c_ 


where and c_ are the concentrations of cations and anions respecti- 
vely. Substituting these values of a+ and in Eq. (6'2l), we get 


« = cJUfJ 

Substituting the value of a in Eq. (6*22) 

= [c+^ fJ']' 

Substituting Eq. (6 23) in Eq. (6*25), we get 


...(6-24) 


or/i = 


If the concentration of the solution is c, then 

— X c and c_ = y c 
Substituting in Eq. {6‘25), we obtain 

a i 


■••(6-25) 


U = 




•••{6-26) 

•••(6-27) 


where Ca. =. c 
Co± is called the mean molarity of the solution. 

To illustrate the various relations obtained above , let us take 
an example of Alo (SOjla which dissociates in solution according to 
the equation 

A1o(S04)3 ^ 2A13+ + 3SO42- 
In this case, x = 2, and y = 3 
According to Eq. {6'21), 

a — a~+ aj^ = 0 +’^ 


or Oi 

According to Eq. (6-23) 

/± = = [ A-A^J''’ 

Aeain, from Eq. (6-26) 
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Now it is clear that if we know the activity of an electrolyte 
at a particular concentration in the solution, the mean activity can 
be obtained from Eq. (6’21) and the mean activity coefficient can be 
obtained from Eq. (6'26) 

If the concentration is expressed in terms of molality, Eqs. 
(6‘23), (6*26) and (6’27) will have the following forms : 

...(6-28) 




a± 


a± 

ntjc 


m (X* 

and = m (x* y’')' /*+’’ 

where is called the mean molality of the solution. 


...(6-29) 

...(6-30) 


A number of methods for determining activities are known. 
These methods are based on measurements of freezing point de- 
pression, boiling point elevation, emf, etc. 

Example 4. The mean activity coefficient ofO-lm ZnCl.> 
solution is 0'502. Calculate (i) the mean molality, (;/) the mean 
ionic activity, and (Hi) the activity of the salt. 


Solution. Zn CI 2 dissociates in solution as 
ZnCl 2 = Zn*+ + 2C1- 

(/) We know that 

m± = nt (yfy^)V^-*y 
Here /« = 0- 1, x = 1, j- = Z 

m± = 0-1 (l'x2^)1A+2 = 0-1 X (4)1/3 
= 0-1588 

(li) Wc knotv that 

o± = yi 
Here m± = 0-1588 

-y± = 0-50Z 
a± = 0-1588 x 0-502 
=. 0-07969 

(HI) We know that 

a = <a±) *-t-^ 

Here o± t= 0-07958 

X = 1 and y = 2 
c = (0-07958)W2 =, (0-07953)3 
= 0-0005060 


> , r//e mean flcrmry coefficient ofO'OlM CdCk 

iS 0 524* Colculate the jtiean ionic activity* ‘ 

Solution. CdCl 2 dissociates in solution as 
CdCl 2 = cd'-t 4 - 2C1- 
Wc kcow that 

a± = C (x^yy)l/x+y 
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Here c = 0-01, x = I, j) 3= 2, and /± = 0-524 
fl± =0-01 (l'x2*)1/l-<-2x0-524 
= 0-01 X (4)1/3x0-524 
= 0-0130 

Variation of Mean Activity Coefficients with Concentration. 

The mean activity coefficients of a number of electrolytes have 
been determined at various concentrations. The results are shown 
in Table 6-3. 

Table 6 3 

Mean Activity Coefficients of Electrolytes in Water at 25°G 


Molality 

HCl 

NaCl 

CdClz 

ZnClz 

ZnSOA 

CdSOi 

HzSOi, 

0-001 

0‘965 

0-965 

0-819 

0-881 


0-697 

0-830 

0-005 

0-929 

0-927 

0-623 

0 767 


0-476 

0-639 

O-Ol 

0-905 

0-902 

0-524 

0 708 


0-383 

0-544 

0-05 

0-830 

0-819 

0-304 

0-556 



0-340 

0-10 

0-790 

0-778 

0-228 

0-502 

0-148 

0-150 

0-265 

0-50 

0-757 

0-681 

0-100 

0-376 

0-063 

0-061 

0-154 

1-OQ 

0-809 

0-657 

0-066 

0-325 

0-043 

0-041 

0-130 

2-00 

1-009 

0 668 

0-044 

— 

0-035 

0-032 

0-124 

4-00 

1-762 

0-783 



_ 


0-171 


If the variation of mean activity coefficients with concentra- 
tion is closely examined from Table 6’3, then the following facts arc 
revealed : - 



Fig. 6-3. Plot of Mean Activity Coefficients vs. Squ.-jre root of Molality. 
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(i) As the concentration of the electrolyte is increased, the 
value of mean activity coeflicient first falls, passesthrough a minimum 
and then increases again. This is also illustrated in Fig, 6-3, in 
which the mean activity coefficient is plotted against square root of 
molality for various electrolytes. It is also seen from the figure that 
the value of mean activity coefficient of all electrolytes approach 
unity at infinite dilution. 

(//) In very dilute solutions same type of electrolytes, e.g., 
uni-univalent electrolytes like HCl and NaCl, have almost same 
values of mean activity coefficients at the same concentration. 

(/i7) At a given concentration, higher the product of valence 
of two ions, greater will be the departure of activity coefficient from 
unity. 

Ionic Strength 

In order to express the change in mean activity coefficient with 
concentration quantitatively, Lewis and Randall introduced the 
concept of ionic strength. As we have already seen that many 
properties of electrolytic solutions depend upon the electrostatic 
interactions between the ions. As for example, the electrostatic 
force between a pair of doubly charged ions is four times than that 
between a pair of singly charged ions, Ionic strength is such a 
function of ionic concentration which involves all such effects of 
ionic charges. As the electrostatic interactions between ions in a 
solution arc primarily responsible for the deviation of an ionic 
solute from ideal behaviour, ionic strength is a good measure of 
the nonideality that the solution imposes on a given dissociated 
electrolyte in solution. Ionic strength, represented by P-, is 
characteristic of the solution and is defined as half the sum of aU 
terms obtained as the product of concentration and the square of 
valence for each ionic species present- in the solution. Thus, if 
Cl, C2, C3, etc., are the concentrations in molality dr molarity of 
different ionic species indicated by subscripts 1, 2, 3, etc., * and 
Zi, Zj, Z3, etc., arc their corresponding charges, then 

f- — i {t^lZl^ + CvZa"-i-C^Zs--^... + CiZr) ' 
or ^ 2 c.ZiS ...(6-27) 

] 

where Cj is the concentration of /th ion and Z; is its charge. The 
summation is carried over all the ions present in the solution. Ionic 
strength is also defined by Eq. (6*27). 

Il was i»inted out by' Lewis and Randall that the mean activity 
coefficient of any given electrolyte in very dilute solution is the 
same in all solutions of the same ionic strength. It is known as 
Lewis-Randall rule. Thus, if the ionic concentration of a solution 
is kept constant by the addition of neutral salts, the mean activity 
cocffictent of a given electrolyte should remain the same. 
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The ionic strength of an aqueous solution of a uni*univalcni 
electrolyte like HCl, NaCl, etc., is given by 

= i (CiZi^-i-C2Z2^) 

* the two terms in the bracket correspond to positive and negative ion: 
of the electrolyte. In this case, Zj = Zo = I and q = co, hene 

= c 

where c is the concentration of the electrolyte. Thus, the ioni 
strength is equal to the concentration in the case of a uni-univalen 
electrolyte. For other electrolytes, ionic strength and the concen 
tration of the electrolyte differ considerably. This can be seei 
from the following example. 

Example 6. CalatJate the ionic strength of the solution con 
taining (/) 0 1 M HCl (//) 0-2 M F 2 SO 4 {in) O'OI M Cr^iSOi) 

(iv) 0-02 M Nad and 0-02 M Na-^SO^. 

Solution. 

(/■) For 0-1 M HCl solution, which dissociates as 
HCI-^H^-5-Cl- 

\Ve know that 

fi == JCciZP-bCjZ,') 

Here c, — 01, c, = O-I, Zi = I, and Z, = I 

M = i{0-lXl‘-b0-lxP=0-l 
= b-l 

(ii) For 0'2 M HjSO, solution, which dissociates as 
HiSO, 2H-4'SO/- 

\Ve know that 

ft = 

Here c, = 2x0-2 = 0-4, c, = 0-2, Z, = 1, and Z, — 2 
= J(0-4xH-H)-2x2') = 0-6 
(/if) For O'OI iVf Cr. (50,13 solution which dissociates as 
Cr,(SO ,)3 -> 2Cr='4-3SO,’- 

We know that 

t* ~ i(eiZ,*-{-CiZ,’) 

Here c, = 2x001 = 002, c, = 3x001 = 003 

Z, = 3, and Z, = 2 

fi = i(0 02 x 3=-H)03x2--) 

=0-15. 

(iv) For a solution containing 0'02 Af NaCl and 0*02 Af NajSO,, there arc 
three types of ions, viz, Na-^, Cl“ and SO,*"" ions in the solution. tSe kno\' that, 
P = J(c,ZP-H:,ZP-fc.ZP) 

Here, for Na-^ ion, c, — 0-024-2 X 0-02 
0*06 
Z, = 1 

For Cl" ion. c. = 0-02 Z, = 1 
For SO,’" ion c, = 0*02, Z, = 2 

p ,= 5(0-06xI'-r0-02xl’4-002x2') 

= 0-03 
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Dependence of Mean Activity Coefficient on Ionic 
^Strength : The Debyc-Huckel Limiting Law. 

Dcbye-Huckcl thcoryg nve an expression for the mean activity 
coefficient /± of an electrolyte in aqueous solution at 25'C in terms . 
of ionic strength l‘ as given below : 

log /i =— (V509 Z 4 ,Z_v/i‘ *..(6’ 28 < 

where Z+ and Z_ arc the numbers of electric charges of cation and 
anion of the electrolyte respectively, without regard to the sign. 
Eq. (6-28) represents the Dcbyc-Huchcl limiting law and expres- 
ses the dependence of/i on p. The word ‘limiting' is used because 
the derivation of the equation is such that it can be used for very 
dilute solutions approaching the limit of infinite dilntion. The 
Dcbyc-Huckel limiting law is in good agree- ment with the experi- 
mental conclusion for the variation of/± withe, shown in Table 
6‘3, as discussed below : 

(I) Eq. (6'2S) shows that log/± is negative rand hence /± is 
less than one in verv dilute solutions according to Table 6‘3. 

(//) For a civen electrolyte Z^ and Z_ are constants. Hence it 
can be seen from Eq (6’28) that the mean activity coefficient will be 
the same for all solution of the same ionic strength. This is in 
accordance with Lewis and Randall’s empirical rule, 

(ill} For ail electrolytes of the same valence typeej?., uni- 
univalent electrolytes like HCI, KCl and NaCl, Z+ and Z_ arc the 
same. Hence should be the same at equal ionic, strengths or 
concentrations, which is in accordance with cxpcrijncntal data at 
large dilutions. 

(iv) From Eq. (fv28) it is seen that log /dt which is a measure 
of departure of /i from unity, should be proportional to the product 
Z^.Z_. Thus higher the product Z^. Z_, greater is the departure of 
/± from unity. It is also in accordance with the experimental data 
shown in Table 6'3. 

(v) "nie form of Eq. (6*28) shows that —log /i is pIoHcd 
against n, then a straight line should be obtained. Experimentally, 
it has actually been verified. 

Tlius, the Debye Huckcl limiting law sh<?uld be considered to . 
have a strong experimental basis. It should, however, be noted that 
the law is applicable to those dilute solutions only whose ionic 
strengths arc less than 0 01. The success of Debyc-Huckcl theoretical 
law for such very dilute solutions is really a great triumph. Hence 
an cicctrolyt'c solution should not be considered simply in terms of 
individual ions. The intcrionic interactions should be taken into 
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view, becnuse they determine the properties of these ionic solutions 
in the same way as the intermoleculer interactions in gases determine 
the properties of real gases. 

Example 7. Calculate the tnean activity coefficient of (j) KCl 
inO'0009 M aqueous solution and (ii) Badyin 0-005 aqueous 
solution, at 25^C. 


Solution, (i) For KCl, in 0-0009 M solution, which dissocia'csas 

Kci-^K-+cr; 

We know that 

log /± = -0509 Z JT 

Here Zf = I. Z_= - l,|i=c=0 0009 

log/± =0-309 <1) ( - 1) .^0 0009 
or log /±= -0-01527 

/± =0-9655 

(ii) For BaClj, in 0-005 M solution, which dissociates as 
BaCI,->Ba*++2CL 

We know that, g=i(c,Zi*+CjZ,*) 

Here c, =0-005. Z, =2, c- =2 x 0-005=0-01 , Z,= 1 
n=|(0-005x2'+0 01xF)=0-015 
Again, we know that 

log /± =0-509 Z+Z^.^y , 

Here Z+=2, Z_= - 1, |i=0-015 

log /± =0-509(2){ - 1) v'0-0l5' 

= -0-1247 
/± =0-7504 

TEST YOUR KNOWLEDGE 


1. Complete the following : 

(i) K=-:^ 

(ii) K=— hA! — 

^ ^ ...(Ao-A) 

A A r 82-48 , 8-20x10’ ! 

( ) )j;^+(tT)3'2 J 

iiv) =/c 

(V) .......=--[/+*/y_]’ *-»-y 

(vi) /±=__£± 

tx=^yyyi=c-^y 

(v//)p=isc<* 

(yiii) log /i = - 0-509 Z+Z_ 

2. Give a term for each of the following : ■ . rnuced 

BRelardalioninthe speed otaoion from.te elecRosl.t.cdngce«»a 
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O'O Atmosphere of oppositely charged ions around a particular ion. 

(ill) Decrease in the spied of an ion by the counter flow of solvent molecules 
in opposite direction. 

(i>) Increase in conductance at high a.c.f requency. 

(v) Increase in conductance at high field strengths. , 

(vi) The ratio of activity to actual concentration. 

3. Fill in the blanks with appropriate words : 

(0 The degree of dissociation increases with... 

(it) The properties of an electrolytic solution are the properties of its... 

(ill) Ostwald dilution law is valid for.. .electrolytes. 

(iv) Debye-Huckel postulated that... electrolytes are completely dissociated 
at all reasonable concentrations. 

(v) The fall in equivalent conductance with increasing concentration is due 

to ..in ionic speeds on account of. 

(v/) Equivalent conductance. ..with increase in concentration more rapidly 
in the solvents of lower. ..than in water . 

(v/i) At infinite dilution the value of activity coefficient approaches..., 

(viii) For a given electrolyte, /± is the same in all very dilute solutions of the 
same..., 

(ix) Higher the product Z 4 .Z_,...is the departure of /± from unity. 

(x) la very dilute solutions, same type 'of electrolytes have almr st identical 
values of.. .at the same concentration. 

KEY 

1. (0 c (i7’ Ao (I'i) <T. o' I' (iv) a (vi) c (vi7) Zi* (iii7) <\/ii 

2. (0 Relaxation or asymmetric effect (i7) Ionic atmosphere (ii7) Electrophore- 

tic effect. 

(iv) Debye-Falkenbagen effect (i-) Wien effect (vi) Activity coefficient. 

3. (i) Dilution (if) ions (iii) weak (iv) strong (v) decrease, interionic attraction 

(vi) falls, dielectric constant (vii) unity (viii) ionic strength (ix) greater (x) 
mean activity coefficient. 

Q.UESTIONS 

1. Give the main features of Arrhenius theory of electrolytic dissociation, 
What are the evidence in its favour 1 Give its limitations. 

2. Derive a general expression of Ostwald dilution iaw for the equilibrium 

and deduce the relation of dissociation constant for uni-univalent electro- 
lyte from it in terms of equivalent conductances. How is the law verified ? 
Give its limitations. 

3. Discuss the Debye-Huckel theory of strong elcc'rolytes. How is it verified ? 

4. Explain the terms ‘activity’ and ‘activity coefficient’? What arc the signi- 
ficances of these terms ? Derive the expression for the ‘mean activity’ and 
‘mean activUv coefficients' for a general electrolyte A* By. 

5. How do the mean activity coefficients vary whh concentration and show 
how these results are explained by Debye-Huckel limiting law ? 

6. Define and explain the term ‘ionic strength’ of a solution What does it 
signify ? 

7. Write short notes on the following ; 

(i) Activity and activity coefficient. 

(ii) Ionic strength. 
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{//) Atmosoherc of oppositely charged ions around a particular ion. 

(///) Decrease in the speed of an ion by the counter flow of solvent molecules 
in opposite direction. 

(iv) Increase in conductance at high a.c.f requency, 

(v) Increase in conductance at high field strengths. 

(W) The ratio of activity to actual concentration. 

3. Fill in the blanks with appropriate words : 

(/■) The degree of dissociation increases with... 

(//) The properties of an electrolytic solution are the properties of its... 

(hi) Ostwald dilution law is valid for...electrolytes. 

(iV) Debye-Huckel postulated that. ..electrolytes are completely dissociated 
at all reasonable concentrations. 

(v) The fall in equivalent conductance with increasing concentration is due 

to ..in ionic speeds on account of. 

(vi) Equivalent conductance.. .with increase in concentration more rapidly 
in the solvents of lower. ..than in water . 

(viV) At infinite dilution the value of activity coefficient approaches.... 

(viii) For a given electrolyte, /± is the same in all very dilute solutions of the 
same.... 

(ix) Higher the product ZfZ_,...is the departure of/i from unity, 

(x) la very dilute solutions, same type 'of electrolytes have almr st identical 
values of.. .at the same concentration. 

KEY 

1. (/) c (/i’Ao thV) eT, o' " (iV) a (v)/± (vi) c (vii) Zi‘ {viii) 

2. (0 Relaxation or asymmetric effect (i7) Ionic atmosphere (hi) Electrophore- 

tic effect. 

(iV) Debye-Faikenhagen effect (v) Wien effect (vi) Activity coefficient. 

3. (/) Dilution (h) ions (Hi) weak (iv) strong (v) decrease, interionic attraction 
(VI) falls, dielectric constant (vii) unity (viii) ionic strength (ix) greater (x) 
mean activity coefficient. 

QUESTIONS 

1. Give the main features of Arrhenius theory of electrolytic dissociation. 
What are the evidence in its favour ? Give its limitations. 

2. Derive a general expression of Ostwald dilution law for the equilibrium 

and deduce the relation of dissociation constant for uni-univalent electro- 
lyte from it in terms of equivalent conductances. How is the law verified ? 
Give its limitations. 

3. Discuss the Debye-Huckel theory of strong elec'rolytes. How is it verified ? 
, 4. E.XDlain the terms ‘activity’ and ‘activity coefficient’? What are the signi- 
ficances of these terras ? Derive the expression for the ‘mean activity’ and 
‘mean activit y coefficients’ for a general electrolyte Ax By. 

5. How do the mean activity coefficients vary wUh concentration and show 
how these results are explained by Debye-Huckel limiting law ? 

6. Define and explain the term ‘tonic strength’ of a solution. What does it 
signify ? 

7. Write short notes on the following : 

(i) Activity and activity coefficient. 

(ii) Ionic strength. 







Electromotive Force 


Introduction 

We have already studied the electrolysis in which the chemical 
reaction takes place when electric current is passed through the 
solution of an electrolyte. In this process the electric energy is 
converted into chemical energy. A reverse process, i.e. conversion 
of chemical energy into electrical energy is also possible. The devi- 
ces used for these conversions are commonly known as cells. The 
cells used for converting electrical into chemical energy are called 
electrolytic cells and those used, for conversion of chemical into 
electrical energy arc called galvanic cells or in modern usage, 
electro-chemical cells. We have already studied much about 
electrolytic cells in chapter 5. In this chapter we shall deal with 
galvanic cells and their use for the production of electric current at 
the cost of physio-chemical changes occurring inside the cell. 


galvanic Cells -v,"' 

A galvanic cell is a device in which two elecirodes, which must 
, , be metallic or ionic conductors, are immersed in one or more suitable 
•' electrolytes. Out of various types of galvanic cell we shall discuss a 
“mple ceil-the Darnell cell desig- 
^ ed by J. F. Dan id I in the begin- 
/'ning of nineteenth century. It is 
commonly used in laboratories. It 
consists of a zinc electrode immer- 
sed in a zinc sulphate solution and 
a copper electrode immersed in a 
copper sulphate solution. The two 
solutions are separated from each 
other by means of a porous pot as 
shown in F'g. 7 1. The porous pot 
prevents the direct m .xing of the 
solutions. When the metallic elec- 
trodes are connected by a wire, the 
current flows through tlie circuit as 
indicated by the voltmeter V con- 
nected in the circuit which records 
a voltage of about 1.1 volt. 
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ce l JS applied, an infinitesimal current will flow and the reaction 
will take place according to Eq. (7*5.) Now if the opposing emfis 
of becomes infinitesimally greater than the emf 

ot the cell, the current flows in the opposite direction. Now Cu 
dissolves with the evolution of Ho gas at Zn electrode. The cell 
reaction would be 


Cu+2H+->Cu2++Ho ...( 7 . 6 ) 

This shows that though the current can be withdrawn infinitesimally 
slowly when the opposing emfis infinitesimally smaller than the 
emt of the cell, but the chemical reactions cannot be reversed when 
the opposing emf greater than the cmf of the cell is applied. This 
IS evident from Eqs, (7‘5) and (7‘6) which are not opposite to one 
another. Hence this cell is an irreversible cell. 


Sj,^easurement ofEMF of CeUs. When an electrochemical 
cell IS in operation, the emf of the cell does not remain strictly 
constant due to concentration changes at the electrodes and other 
factors. Hence it is essential that emf of a cell should be measured 
at equilibrium conditions. The use of voltmeter to measure the emf 
is objectionable because when the voltmeter is connected to the cell 
a small current is dra wn from the celj. It causes change in emf 
because the electrode reactions take place and the concentrations 
around the electrodes change. Some reaction product may accumu- 
late on the electrode causing a back emf called polarization. Hence 
the emf measured by voltmeter will not, be the true eraf of the cell. 

These difficulties can be overcome if the emf is measured 
when the circuit is open, /.<?., when no current is allowed to flow 
from the cell. This can be done by balancing emf of the cell aga-v 
inst the known emf of some other cell and obtaining equilibrium 
conditions using a potentiometer. 


The principle involved can be understood by the set up as 
shown in Fig. 7’2, which is a schematic representation of a simple 
potentiometer. AB is a potentiometer slide wire made of a resistant 
metal. The wire should be of uniform cross section so that it has 
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Fie. 7'2 Measurement of EMP of Cell by Poicntiomctcr. 
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^^eversible and Irreversible Cells. Thermodynamics finds 
its application in dealing with the change of chemical energy into 
electrical energy in the cell. Thermodynamic principles are appli- 
cable only to reversible reactions, hence it has become essential to 
distinguish between the reversible and irreversible cells. Recalling 
the thermodynamic conditions of reversibility of processes that a 
process is said to be reversible if it is carried out in such a way that 
the driving force is only inf initesimally greater than the opposing force 
but if the opposing force is increased by an infinitesimal amount, the 
process can be reversed. When these conditions are fulfilled by a 
cell, it is called a reversible cell otherwise it is an irreversible cell. 
Thus, if a reversible cell is connected to an opposing force, i e , eraf 
from an external source acting in opposite direction, which is infini- 
tesimally lesser than the emf of the cell (driving force), than an 
infinitesimal amount of current will be given out and the chemical 
reaction will take place in one direction. If the applied emf is 
increased so that it becomes exactly equal to the emf of the cell, 
no current will flow and nochcm.cal reaction will occur. If it is 
further increased so that it becomes greater than the emf of the cell 
by an infinitesimal amount, the infinitesimal small current will 
flow in opposite direction and the chemical reaction will also take 
place in the reverse direction. 

As an illustration, let us connect Danieil cell to an external 
source of emf acting in opposite direction, which is infinitesimally 
smaller than the emf of the ceil. The electrons will flow from zinc 
to copper electrode through the external circuit and the cell reaction 
will be 

Zn-b Cu2’^-»-Zn3+-|- Cu 


If the applied potential is increased so much that it becomes equal 
to the emf of the celi, no current will flow and no chemical reaction 
will occur. If the applied emf is further increased so that it becomes 
infinitesimally greater than the emf of the cell, the electrons will 
now flow from copper to zinc electrode through the external circuit 
and the cell reaction will be 

Cu + Zn2+-»Cu2++Zn 

Thus, the direction of current and the direction of chemical 
change, both have reversed. Hence the Danieil cell is a reversible 
cell. 

Now consider a cell composed ofZn and Cu electroaes immers- 
ed in dil HoSO.j; solution. When the two electrodes are connected 
by a metallic wire, zinc dissolves with the ^jvolution of Ha at Cu 
electrode and electrons from Zn electroiic will move to Cu 
electrode through the external circuit. The cell reaction is 

Zn+2H+->Zn2++H2{g) ...{7-5) 

If an external opposing emf infinitesimally smaller than that of the 
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cell IS applied, an infinitesimal current will flow and the reaction 

Now if the opposing emfis 
increased so that it becomes mfimtesimally greater than the emf 
ot the cell, the current flows in the opposite direction. Now Cu 
dissolves with the evolution of gas at Zn electrode. The cell 
reaction would be 


Cu+2H+^Cu2++H2 ...(7-6) 

This shows that though the current can be withdrawn infinitesimally 
slowly when the opposing emfis infinitesimally smaller than the 
emf of the cell, but the chemical reactions cannot be reversed when 
the opposing emf greater than the emf of the cell is applied. This 
IS evident from Eqs. (7'5) and (7‘6) which are not opposite to one 
another. Hence this cell is an irreversible cell. 


\s,>^Measurement of EMF of Cells. When an electrochemical 
cell IS in operation, the emf of the cell does not remain strictly 
constant due to concentration changes at the electrodes and other 
factors. Hence it is essential that emf of a cell should be measured 
at equilibrium conditions. The use of voltmeter to measure the emf 
is objectionable because when the voltmeter is connected to the cell 
a small current is dra wn Irom the celJ. It causes change in emf 
because the electrode reactions take place and the concentrations 
around the electrodes change. Some reaction product may accumu- 
late on the electrode causing a back emf called polarization. Hence 
the emf measured by voltmeter will not, be the true emf of the cell. 

These difficulties can be overcome if the emf is measured 
when the circuit is open, i.e., when no current is allowed to flow 
from the cell. This can be done by balancing emf of the cell agav 
inst the known emf of some other cell and obtaining equilibrium 
conditions using a potentiometer. 


The principle involved can be understood by the set up as 
shown in Fig. 7*2, which is a schematic representation of a simple 
potentiometer. AB is a potentiometer slide wire made of a resistant 
metal. The wire should be of uniform cross section so th-at it has 
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Fig. 7-11 Measurement of EMP of Ceil by Potentiometer. 





the same resistivity throughout its entire length. Hence the drop of 
potential along the length AB is proportional to its length. A 
storage battery C, having emf larger than the emf of the cell to be 
measured, is connected to the two ends of the wire A and B so that 
its potential is impressed across the resistance AB. Now one terminal 
of the cell X, whose emf is to be measured, is connected to A in 
such a way that its emf opposes the emf of C and the other 
terminal to the sliding contact Q, through a sensitive galvanometer 
G. By moving the sliding contact Q, a position P is found at which 
no current flows through the galvanometer. At this point, emf of 
the cell X just balances the drop of potential across AP due to the 
cell C. If Sx is the emf of the cell X then g* will be proportional to 
the length AP of the wire. 


Now the cell X is replaced by a standard cell S by means of a 
three-way key. The emf of the standard cell is known exactly. The 
sliding contact is readjusted to obtaine a point, say P', when no 
current flows through the galvanometer. If g, is the emf of the 
standard cell then g, will be proportional to the length AP^ of 
the wire. 


Since g* a Length AP 
and g, oc Length AP' 
^ ^Length AP 
g, “ Length AP' 


Of Sx — 


Leng th AP 
Length AP' 


Xg, 




Thus, by measuring the lengths AP and AP' and knowing the value 
of g„ the emf of the cell g,; can be evaluated. 


The emf of standard cell plays an important role in the accurate 
determination of emf of any cell. Hence standard cell must have 
stable emf. The standard cell should have the following characte- 
ristics : 


(/) Cell should give reproducible and constant emf which 
should not charge with time, 

(;7) Cell should be reversible. 

(///) Cell should not damage by a small passage of current 
through it. 

(/v) Cell should have low temperature coefficient. 

These characteristics are closely approximated by Weston 
standai'd cell, the usual form of which is showm in Fig. 7'3. It 
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consists of a H-shapcd glass 
vessel, the side tubes of which 
are closed at their lower ends 
and Pt-wire fused at the 
bottom to make electric con- 
tact. One limb contains Hg 
covered with a paste of Hg 2 S 04 
free from mercuric io'ns. 

This serves as positive elec- 
trode. The other limb con- 
tains a Cd-amalgam having 12 
to 13“/o of Cd by weight. This 
serves as negative electrode. 

Some crystals of solid 
CdS 048 / 3 H 20 are put over 
both the electrodes and the 
remaining vessel alongwith the 
connecting tube is filled with 
saturated solution of CdS 04 . 
solution in both the limbs for expansion 
sealed. The cell reaction is 




Scaling Wai 




Pane 




saturated 

CdS 04 

solution 



CdS 04 --jH 20 


’ Crystals ■ 


Hg 


Cd 
Amol^am 






Fig. 7-3. 


A small 


The Weston 
Standard cell 

air space is left over the 
and the upper ends are 


Cd(5) +Eg^SO^{s) -PfHaO (/) -Cd SO 4 § H.,0(:r) + 2Hg (/) 
The emf of this cell is l'dl83 volts at 20 °C. and P01807 volts at 
25°C. 

v^Nernst Solution Pressure Theory, W. Nernst in 1889 
suggested thatjall metals and hydrogen possess a property by virtue 
of which they tend to pass in solution as positive ions. This property, 
he called as solution pressure. If a metal, like Zn, when dipped 
in pure water tends to dissolve by virtue of its solution pressure and 
furnish a certain number of Zn2+ ions in water. Thu^s, the solution 
becomes positively charged due to the gain of Zn-^ ions and the 
metal which was, previously neutral, become negatively charged due 
to the loss of positive ions leaving behind electrons on the metal. The 
positive ions in the solution accumulated around the negatively char- 
ged electrode and thus a electrical double layer at the junction of 
metal and solution is set up. The electrical double layer grows up 
as more and more Zn'-*" ions go in solution. This process will conti- 
nue until so many Zn‘-^ ions are accumulated that the attraa/;^- 
of the opposite charges just stops the further expulsion of Tr-'' 
ions from the metal. On account of this electrostatic attracrio:;, -- 
amount of metal which pass into solution as ions is very 
hence the double layer is established rapidly. A potenr/aJ c'-- 
electrode is due to the electrical double layer set up at th*-’'^ ' 
nK mff.'it :ind water. // <-/ 
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is rather different. In this case, the positive ions of metal are 
already present in the solution which on account of their osrnoUc 
pressure in solution tends to resist the further entrance of positive 
metallic ions from the electrode. Now what happens in the solution 
will obviously depend on the relative values of solution pressure P 
of the metal and the osmotic pressure n of the solution containing 
metallic ions. In fact three cases as represented diagramatically m 
Fig. 7'4, are possible. 


Metal alecal Metal 



p>Tr p=Tr p<Tr 


Fig, 7 - 4 , Nernst Solution Pressure Theory 

(j) JV/iefi Id this case, the metal will continue to pass 

in solution as positive ions until the accumulated positive charge in 
the solution prevents further passage of positive ions in the solution. 
The metal, therefore, becomes negatively charged and the solution 
becomes positively charged Mn, Zn, Cd and alkali metals are the 
examples of this case. 

(/7) When P<<7. The positive ions from the solution will 
deposit on the metal until the accumulated electrostatic charge 
prevent further action. In (his case, the metal becomes positively 
charged and the solution acquires negative charge, Cu, Ag, Hg and 
Au behave in this manner. 

(///) When P=n, In this case no change occurs and hence no 
potential difference exists between the metal and solution. Such a 
system is known as null electrode, 

Similar conclusions may be drawn for nonmetals like ox)gen 
and halogens which pass into solution as their respective negative 
ions on account of their solution pressure. 

Although Nernst solution pressure theory contributed much in 
the development of electrochemistry, the concept of so called solu- 
tion pressure is now regarded as obsolete. According to the modern 
views, the electrode potential is regarded as dependent on the rates 
of the opposing processes-(/) passage of a metal or a nonmetal into 
solution in the form of ions and («) discharge of ions on the elec- 
trodes in the form of atoms of metal or nonmetal. The sign and 
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magnitude! of the electrode potential depends on the relative rates of 
these processes. If the rate of passage of a metal into solution as 
ions is greater than the rate of deposition of ions on the metal, the 
metal electrode will acquire negative charge. On the other hand if 
the rate of passage of a metal into solution as ions is lesser than the 
rate of deposition of ions on the metal, the electrode will acquire 
positive charge. When the rates of opposing processes become equal, 
equilibrium is established and an electrical double layer is formed at 
the junction of the electrode and solution. This gives rise to electrode 
potential between the electrode and the solution. 

^^^^otations and Sign Conventions A galvanic cell is made up 
of two electrode system. For convenience, an electrochemical cell 
may be deposited with the help of chemical symbols of the electrodes 
and chemicals in the cell and using some conventions as given 
below : 

(/) Boundaries between different phases or between .solution.s 
of different concentrations or compositions are depicted by putting 
a vertical line between them. For example, zinc in contact with zinc 
ions and two solutions of silver nitrate of different activities are 
represented as 

Zn I Zn2+ AgNOslfli) | AgNOalPe) 

(ii) Two vertical lines ( 11 ) are drawn between the electrolytes 
when they are not in contact with each other directly and are con- 
nected by a salt bridge (discussed later on) to avoid liquid junction 
potential. For example a solution containing Znf+ ions .separated 
from a solution containing Cd++ ions by a salt bridge is depicted as 

Zn2+ II Cd2^ 

(//7) In formulating a complete cell, the anode half cell is v/rit- 
ten on the left hand side and the cathode half cell on the right hand 
side. The metal electrodes are aiv/ays written on the outside 
extremes. For e.xample, the formulation of Daniell cell is 

Zn 1 Zn2^ 1 Cu2+ [ Cu 

(iv) To show that the left hand electrode is negative and the 
right hand electrode is positive, negative and positive signs may also 
be put on the anode and cathode respectively. 


Zn j Zn2- 1 Cu2- i Cu 

(v) The state of material, coace.ntrations'of solution'), pressures 
of gases are also indicated in the cell formulation by -//nting suitable 
sians within bracxecs as in.c:csl~d in tne to. now. .'.g cel) . 

Pc j H2(0'9 atm) ! H-(a = 0. 1 Ag 

{•■/) Th' emf of the above formulated ceil '/vll i;ave iU> 
value. This can be easby seen ;f s.e isob to the ohenges {I.c> . 
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iianiically. If g is the cmf of the cell, then the electrical work obta- 
ined from the reaction supplying coulombs of electricity will be 
given by The electrical work is obtained at the expense of 

free energy. For a reversible cell, the decrease in free energy will be 
equal to the electrical work, i.e., 

— ...(7-8) 
We know that for a spontaneous reaction at constant pressure and 
temperature the free energy decreases and hence the value of 
wilTbe negative. For example in the following cell 

Zn 1 Zn2+ (0=1) 11 Cd2+ (fl=l) 1 Cd 

the cell reaction is 

Zn+Cd2+=Za2++Cd 

In the cell formulated above, when the electrodes are joined 
by a wire, electrons spontaneously flow from anode to cathode 
showing that the cell reaction is spontaneous. Thus, the free energy 
of the cell reaction decreases and hence has negative value. 
From Eq.(7-8), it is evident that if AG has negative value g will 
have positive value. 

The emf of the cell depends on temperature also; hence it 
should also be specified. For example, the emf of the above cell is 
0-3590 volt at IS’C 

If the above cell is formulated in the reverse order as 

“I ' 

Cd I Cd2f(fl=l)ilZn2'(o=l)iZn 

the emf of this cell will be— 0-3590 volt at 25°C, The cell reaction 
as given above will be spontaneous in the reverse direction and at 
least 0 3590 volt will have to be applied to the cell to make electrons 
flow from Cd to Zn electrode through the external circuit. 

Chemical and Electrical Euergy. The emf of a cell is a 
measure of the energy transferred for each coulomb of electricity 
which is caused to flow through the circuit. As already stated that 
if /I faradays of electricity are obtained reversibly from a cell of emf 
g, the total amount of electrical energy will be This is related 
to the decrease in free energy by the following relation 

~AG=/jyg ...(7-8) 

This is different from the total amount of energy transferred in the 
reaction. It is the limiting amount of energy which is available for 
doing work. According to Eq. (4-70) Chapter 4, the emf of the 
cell g is related to the enthalpy chajige ^of t he cell reaction by„the 
relation . " - 
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From this equation it is evident that if we know the value of 5 ai 
its temperature coefficient the value of A// can be cvali 


ted. Further, we know that 

or -ng^g=Aff-TAS 

or TA5=A/f+«9'g 








«gr 

AfI~AH+ n^T 


I 


or 


A5 


= /jfF ^ 


m . 

dTjp • 




Thus, if we know the temperature coefficient, the change in entroj 
of the cell reaction can be calculated. 


Example 1. The emf of the cell 

Pi I Hi{l atm) I HCl \ KCl | iigiClfi.s) | Hg 


is 0’2676 volt at 23°C and its temperature coefficient is— O'OOOSi 
volt deg-i. Calculate AH. iSS and AG for the reaction occurring , 
the cell. 


Solution. The cell reaction is 

Hg:Cl4j)-fH,->2Hg(/H-2H-+2C|- 
(/) Calculation of A H- Wc know that 

« r(M), 

Here 


"J- 

5=0-2676 voli 

"S =— 0-000319 volt deg-' 
\3r/p 


T=965Ch 7 coulomb? 
r=273''25=253-K. 


0 - 2676 = 




or 


— (0-2676-7-293 x 0CO0319) x 2 x 961 CO 
^ — ^70450 -.olt coulomb izg'' 

Since 1 cal=4‘134 -.olt cculcirib 
70490 


r 


-=—16350 cal 


(ii) Calculation of £.F. \Vs know t: 
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Here 


h=2 


(«-) 


gr— 96500 coulomb 
=— 0’000519 volt dcg~ 


2x96500x(— 0-00319> 

— 61’58 volt coulombs dcg“ 
61-58 


4-184' 


'14'72 cal deg~*. 


(tii) Calcutaiion of We know thai 

Here tt—2 

gr =96300 coulomb 
g =0-2676 volt 
£i,G=— 2x96500x0:2676 

»= — 51650/volt co ulorrfe d^^' 
51650 y 

“ 4 - 184 “' 


3 


=—12340 cal 


Single Reversible Electrodes 
^ A reversible cell is essentially composed of two reversible 
single electrodes. Various such single electrodes are known and they 
are divided chiefly into three types. 

(1) Electrodes Reversible to Cations. These electrodes 
involve metal or hydrogen gas in contact with a solution containing 
their own ions. If M and M«+ reperesent the metal or its ion respec- 
tively, then the electrode may be represented as 

M 1 M"+ 

and the electrode reaction as 


Examples of such type of electrodes are Zn in ZnSO^ solution, Cu in 
CuSO.i solution, Ag in AgN 03 solution etc. The electrodes and the 
electrode reactions are given beiow. 

Electrode Electrode Reacation 


Zn 1 Zn2+ 
Cu I Cu2+ 
Ag 1 Ag+ 
H2 1 H+ 


Zn Zn2++2e- 
Cu ^ Cu2++2e~ 
Ag Ag++e- 
5H2 ^ H++e- 


These electrodes are reversible to cations. The direction of flow 
of current through the cell determines the direction of reaction. Some 
metals which are attacked directly with water are used in the form 
of their mercury amalgam. For example, sodium electrode 
Na (Hg) 1 Na+ Na Na++e- 

Arnong gas electrodes, hydrogen electrode is reversible to 
cations. In a gas electrode, a platinum foil coated with Pt^black is 
bubbled around the electrode. The gas is absorbed fully on the 
Pt'black surface. Platinum, thus, esiableshes equilibrium between 

the gas and Its tons and it_use(^or making electr ic c ontacts* Thus 
in hydrogen electrode, hydrbgsn gasns*'b"Ubblcd round the pt*foil 


dipped in a solution containing ions. The electrode and the 
electrode reaction are given below. 

Pt I Ha (g) 1 H- 1 H, H-+e- 

(2) Electrodes Reversible to Anions These electrodes in- 
^ volve nonmetal in contact with their own ions (anions). If A repre* 
sents a univalent nonmetal and A“ its anion, then the electrode and 
electrode reactions are 

Pt 1 A" 1 A ^ A-f e- 

since nonmetals are not electrical conductors, generally Pt is used, 
as discussed above, as a type of electrode is chlorine electrode : 

Pt I Cl- I Cla CI^ I Clo-fe- 

Most frequently used electrodes reversible to anions are. 

) Metal-Insoluble Salt Electrodes. These electrodes consist of 
V a metal and its sparingly soluble salt in contact with a solution ha- 
ving the same anion. Examples of such electrodes are 

Electrode Electrode Reaction 

Ag I AgCl{j) 1 HCl soln Ag(5)-fCl- ^ AgCIfs) fe- 

I ffeoClol^) I KCl soln 2Hg2-l-2Cl- ^ Hg2Clof5)-f-2 e- 
^ These electrodes are reversible with respect to common anion. 

{Hi) Oxidation-Reduction (Redox) Electrodes. These elect 
trodes consist of un attackable_metal« such as platinum, dipped in a 
solution having oxidised and reduced states of an oxidation-reduc- 
tion system. For e.xample a platinum wire dipped in a solution 
containing Fe2+ and FeS-s- ions, or FefCNls^- and Fe(CN)G‘^" ions or 
Sn2-i- and Sn'i- ions or quinhydrone /. e., bydroquinone and quinone 
together with hydrogen ions, constitute redox electrodes. The 
electrodes and the electrode reactions are 


Electrode Electrode Reaction 

Pt I Fe2^ Fe3- Fe2- Fe3--l-e- 

Pt 1 Sn2+, Sn-i- Sn2- Sn^i^-f 2e- 

Pt I Fe(CN)6^-, Fe(CN)63- Fe(CN)6^- Fe(CN)G3--f e- 
Pt 1 quinhydrone CgHjfOHlo C6H.iO-2-r2H--r2e- 

Since the electrodes have oxidised and reduced forms in equilibrium, 
they are also called oxidation-reduction or redo.x electrodes. 
The unattackabje metal acts_a 5 ..condi]Ctor of electrons and is also 
use3~fQ'r~rifakib g ele c tric c ontacts. There electrodes can beh ive rever- 
"sibly only when both the oxidised and reduced states of the system 
are present in the solution. 

All these types of reversible electrodes, though structurally 
different, are based on the same fundamental principle that electrons 
are either liberated or taken up reversibly. Thus, all reversible 
electrodes involve oxidised and reduced states and the electrode 
reaction may be represented in the following general form. 

Reduced State ^ Oxidised State -~-ne- 
where n is the numbers of electrons involved. 

Tbe Nernst Equation. The eraf of a cell depends 
concentrations or more accurately on the activities of the sub 
involved in the cell reaction. From rigorous thermodynara;' 
derations using free energy concept, a general exp n for i 
of the cell in terms of activities of reactants ‘tet 
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obtained. The thermodynamic derivation is beyond the scope of 
this book. For the following general cell reaction ; 

aA + DB ^ c C + cl D 
the emf of the cell, g, is given by 


5 = 


o ^ X 

“ X M 


..;(?• 12) 


where g° is known as standard emf or standard cell poten- 
tial, n is the number of electrons transferred in the reaction as 
written, ff is the faraday, T is the temperature of the cell in degrees 
absolute, R is the gas constant, aa, ciq, ac and Cq are the activities of 
A, B, C, and D, respectively in the reversible cell. This e.xpression 
is known as Nernst equation. 


Eq. (7‘12) can be written as 


6 = 6° 


2-203 RT 
/iJjF 


logio 


(acY (cp)'^ 


...(fl3) 


At 25°C, the value of 
2-303 RT 


2-203x8-32X298 


g? 96500 

Hence at 25°C., Eq. (7-13) can be written as 


0-0591 


5 =5- - 


togio 


...(7-14) 


n -- (rtA)“ («b)^ 

If the reactions and the products are in their standard state, i.e,, at 
unit activity, Eq. (7-l4) reduces to 


6=6° 

Hence g°, the standard cell potential is defined -as the em f of 
the cell when the reactants and the products of the cell reaction are 
at unit activity. 


To illustrate the use of Eq. (7*12), consider the Daniell cell 
Zn I Zn2+ fl Cu-i^ 1 Cu 

The cell reaction is given by the following equation 
Zn+Cu2+ Zn2+-1-Cu 


The cell reaction involves the transfer of 2 electrons, hence n=2 
Applying Eqi (7-12) to this cell reaction 


6 = 6 ° 


0-0591 

2 


logic ~ 


X acu 

flEnX 


...(7-15) 


The activity of a substance in solid state is taken equal to unitv, hence 
flCu = landczn = 1. Thus, Eq. (7-15) reduces to 


.6 = 6 ° 


0-0591 


logio 




2 


...(7-16) 
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from this equation it is evident that the cmf of the cell depends u:i 
the activities of Cu++ and Zn++ ions in tlicir solutions. 

Example 2, Calculate the cmf of the following cell at 25'C. 

'VU . = O’Ol) II Cu2i- (fl _= 0 1) I Cu 

The standard cmf ot the cell is 1-0900 volt at’2rjCC:, 

Solution. The cell reaction is 


t.r •” y.n'if -|- Cti 

\Ve know that at 25° C, • 


5 = £" 


0-0591 


n 


logi 


Here go 1.0908 volt 
«Cu'2 = 0-1 




®Zn2-r = 0-01 
« = 2 

g = 1-0983 — 


0 0591 


g = 1-0938.^0-02955 =-; 
'^'Smgle Electrode Pctentiels, 



tion of two half and the ernf of the aV: 
difference between the electrcdes fsrr::r 
;ell can be measured directly but the c:: 


c.'.zr.z.tr.t c-f.j ..i i 

: the 2;i.h Vhe '.'J' tie 
c'e‘/v::::::sc.x\r, zl ys'Jzjr- 

:ial of an electrod-e is not possible. This c thhssi::- hv. beets o* t:r- 
:ome by defining the electrode ps:er.t;s-s'«;:h retp-isi tviher>::e 2 :i:iJ 
)f an electrode chosen as refe.'ence. Thus, the ptseutss] the refer- 
:nce electrode can be employed as the basis v,z the detem:s;s.pcn of 
jotentials of ail other electrodes. .A universal::* us.ei reference 
dectrode for this purpose is the standard Iiydrogeii electrode or 
lormal hydrogen electrode in which gas is Si 1 aim rri\<.sure 
md the activity of H~ ions in the solution is unity. The cell is 
epresented as 

Pt 1 H .2 (1 atm) j H- (a =11 

fhe electrode potential of this electrode is taken, quite virbitrarily, iw) 
’.ero. Thus, if an electrode whose electrode potential is to bo dolor* 
nined, is coupled with standard hydrogen eloclrodo, the cmf of (lie 
:ell will give the value of the potential of the eloctrodo. 

Suppose an electrode, say M ) is coupled with sUuidard 
lydrogen electrode to give the following cell 

M 1 M"+ soln ] H+ (n = 1) I Ha (1 atm) 1 Pt 
The emf of the cell will be equal to the potential g of the electrode 
M i The electrode potentials based on the zero value of .stand* 
ard hydrogen electrode are referred to as hydrogen scale. 'ri/cTialf 
cell reactions of the electrodes of the above cell arc as follo' 

Left hand electrode M ^ M"^' -h ' h. 

Right hand electrode «H++ 7 ;e“ \n IL 




The overall c-eil reaction M-f 7 iH+ . ^ M"*" 
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Using Eq. (7*12), the emf of this cell is given by 


5 = 5" 


i?r X {aH,r>- 

Rf? fl„ X (aH+r 


...(7-20) 


In the standard hydrogen electrode, the pressure of gas is I atm, 
hence — 1. Further, the activity of H+ ions in solution is also 
unity. Since the potential of standa»d hydrogen electrode is taken 
as zero, the emf of the cell represents the potential of the left hand 
electrode. Hence Eq. (7*20) may be written as 

-Sr- 

where gej and represent the electrode potential and standard 
electrode potential of left hand electrode respectively. Since M 
represents the reduced state and M"+ the oxidised state, Eq. {7'21) 
may be generalized as 


Sei = S°ci 


II if flred 


...(7-22) 


where flox and flred are the activities of a substance in the oxidised 
and the reduced states respectively. Since the left hand electrode 
reaction, Eq (7‘17), is an oxidation reaction, gei is called oxidation 
potential and g‘’ei is called standard oxidation potential i.e., the 
potential of the electrode w!i:n oxidised and reduced states are at 
unit activity. 


The electrode potentials with reference to standard hydrogen 
electrode may be positive or negative. The positive value shows 
that the electrode reaction, vide Eq. (7’ 17) is spontaneous and thus 
the electrode is negative with respect to the reference standard hydro- 
gen electrode and suppli-.s electrons to the external circuit. The 
negative value shows the reverse of the electrode reaction, vide Eq. 
(7’ 17), is spontaneous and thus, the electrode becomes positive with 
respect to hydrogen electrode. In this case, hydrogen electrode will 
supply electrons to the external circuit. 

Let us now deduce expression for different types of simple 
single electrodes : 

Electrodes Reversible to Cations. For example, we take 
copper in copper sulphate solution. The electrode and the oxidation 
reaction are 

Cu I Cu2+ Cu ;Fi Cu2+ -f 26" 

Utilizing Eq. (7'22), we can write 

Scu = £'’ cu- In ...(7-23) 

■i'J fleu 

Since Ocu, the activity of solid copper is unity, Eq. (7*21) reduces tu 
gcu = 5“cu - In flcu2+ ...(7-24) 



electromotive force 
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Thus, the electrode potential depends on standard oxidation poten- 
tial of copper and the activity of Cu‘-+ ions. 

\J2)^lectrodes Reversible to Anions. For example, we 
take chlorine electrode in which chlorine at I atm pressure and is 
in contact with its own anion. Tlie electrode and the oxidation 
reactions are 


(Pt-Ip) I Cls (1 atm) I Cl- Cl- = i Cla+t- 

Utilizing Eq. {7‘22), we can write 


^cia = 



in 


Ocl~ 


...(7*25) 


Since Clo gas is at 1 atm. acU — 1, Eq. (7‘25) reduces to 


€ch 


= 5‘’ci, 



1 

^cr 


or Sch = S°ci, + — In fler ...(7-26) 

Oxidation-Reduction or Redos Electrodes. For 

example, we take stannic-stannous system. The electrode and the 
oxidation reaction are 


Pt I Sn2+, Sivi+ Sn2+ ^ Sn^+q-^e- 
Utilizing Eq. (7’22) we can write 

_ , 03114+ /-J.T'TV 

5 redox ~ ts) redox 2y ^ f7sn2+ ...(/*./) 

Thus, the potential of the electrode depends on the activities of Sn'^+ 
and Sn2+ ions in the solution. 


Now it is clear that if we know the oxidation process at an 
electrode, the expression for its electrode potential can be easily 
derived. The electrode potentials thus obtained are oxidation 
potential of the electrode. The reduction potential of the elec- 
trode is numerically equal to its oxidation potential but with the 
sign reversed. A galvanic cell is a combination of two electrodes. 
If the cell is represented by the conventions described earlier, the 
oxidation occurs at the left hand electrode and the reduction occurs 
at the right hand electrode. The oxidation potential, of both the 
electrodes can be obtained utilizing Eq, (7'22), The corresponding 
reduction potential of the right hand electrode can be obtained by 
simply reversing the sign of its oxidation potential. 27ie emf of the 
complete cell is equal to the algebraic sum of oxidation potential 
of the left hand electrode and the reduction potential of the right 
hand electrode. If only oxidation potentials are considered, then 
the emf of the cell will be equal to the difference of oxidation 
potentials of the two electrodes. 
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Standard Electrode Potential. From Eq. (7‘22), it is 
evident that when the oxidised state and the reduced state are at unit 
activity, the electrode potential $ becomes equal to the Standard 
electrode potential Under standard condition, the values of 
5“ for different electrode systems arc constant. Hence the standard 
electrode potential is a definite property of the electrode system. 
The standard oxidation potentials of some electrodes at 25‘’C together 
with their oxidation reactions are given in the Table 7 1. 


Table 7*1 

Standard Oxidation Potentials at 25°C 


Electrode 

Electrode Reaction {oxidation) g*' 

{volts) 

Li 1 Li+ 

Li (s) 


Li+-f4- 

+3-015 

K 1 K+ 

K{s) 

-> 

Kt+e- 

+2-92-H 

Ca 1 Ca2+ 

Ca ( 4 ) 


C32++2e- 

+2-87 

Na 1 Na+ 

Na (s) 


Na+4-e- 

+2-7116 

Zn i Zn2K 

Zn ( 4 ) 

-> 

Zn^■^ + 2 <?- 

+0-7618 

Fc 1 Fc2+ 

Fc(s) 

-> 

I'e 2 ++ 2 c- 

+ 0-111 

Cd 1 Cd 2 + 

Cd{4) 


C<J3++24- 

-1-0-103 

Pb ( PbSOa (s) ( SO 4 '- 

Pb (j;-f-S04'- 


Pb SO 4 ( 4 )-i- 2 e- 

+0-3516 

Ni 1 Ni 2 + 

Ni (s) 

-> 

Ni**'-f- 2 e 

+0-236 

Ag 1 As 1 (s) 1 I- 

Ag{4H-I- 

-> 

Agl itt)+e~ 

+0-1522 

Sn 1 Sn*+ 

Sn {s) 

-> 

Sn»+-f2e 

+ 0-110 

Pb 1 Pb‘+ 

Pb(4) 

— > 

Pb'++ 2 c- 

+0-1265 

Pt|H 2 |Hf 

}H 2 (i') 

-> 

IV +e~ 

Zero 

— Ag 1 Ag Ur ( 4 ) 1 Dr- 

Ag [s'. Br- 

-> 

Ag Br (s)-f e- 

—0-0711 

Pt 1 Sn*+, Sn‘H' 

Sii2+ 

-> 

Sii4+-f2e- 

- 0-11 

- Ag| AgCl(J) (Cl- 

Ag (4)+CI- 


Ag Cl ( 4 ) 40 - 

-0-2225 

— Hg 1 Hg, Cl, (j) I Cl- 

2Hg (4)+2C1- 

-> 

2 ns. CL+ 2 e- 

—0-2680 

Cu 1 Cu*+ 

Cu 


CuM 4 - 2 e- 

-0-337 

Pt 1 I. 1 I- 

I- 

-> 

J Ij+e” 

—0-5355 

— Hg 1 Hg. S 04 { 5 ) 1 SO 4 

iHg(/)4-S04‘~ 


HS1SO4 (s)-{-2e~ 

- 0 - 6 M 1 

i't t Ee2+, Felt 

Fc»(- 

—> 

Fc'+g- 

—0-771 

Ag 1 A'g+ 

Ag (4) 


Ag++c- 

—0-7991 

Pt 1 Br, (/) 1 Br- 

Br- 

-> 

i Br, +t'- 

—1-2652 

Pt 1 Cl, (ff) ( CI~ 

Cl- 


i Clj-J-e" 

— 1-3593 

Pt 1 Ce>+, Cc4 

Ce'v- 


CeH+e- 

—1-61 


The standard oxidation potential of an electrode shows the ten- 
dency of the electrode to deliver electrons to the external circuit in 
g® shows that the oxidation process is spontaneous at the electrode 
and the electrode gives out electrons to the external circuit. A nega- 
tive value of indicates the reverse behaviour, /.e., the reduction 
process is spontaneous at the electrode and the electrons arc absorbed 
from the c.xternal circuit. The tendency of electrodes to lose electorns 
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is the measure of its oxidising strength. Tf the electrode has grcatci 
tendency to release electrons, it is powerful reducing agent. Similarly 
if^an electrode has more tendency to gain electrons, it is powerfu 
oxidising agent. Thus, the table gives a quatitativc comparison o 
the strenghts of oxidising and reducing agents. 


- It is evident from the table that the metals near the top of thv 
table are strong reducing agents and their ions arc stable. Tin 
elements near the bottom of the table arc comparatively stable metal; 
and their ions are easilj^ reducible to the metals. Hence any meta 
can reduce any cation below it in the table from its molar solution 
For example 

Zn + Cu2+ Zn2+ + Cu 

Zn being higher in the table than Cu reduces Cu2+ ions intc 
Cu metal in its molar solution. 


Table 7T gives the standard oxidation potentials. The corres- 
ponding standard reduction potentials, involving the reverse electrode 
reaction can be obtained by reversing the sign of the oxidation 
potentials. Thus, for the cadmium electrode 

Cd 1 Cd2+ Cd" -> Cd2+ + 2e- = +0-403 volt 

Cd2+ | Cd Cd2+-2e“-^ Cd gVd = -0-403 volt 

In case of silver-silver chloride electrode, 

Ag 1 Ag Cl ( 5 ) Cl Ag+Cl- Ag Cl+e- gV = -0-2225 volt 

Cl- I Ag Cl (s) Ag Ag Cl + e--> Ag + Cl' gVj = +0.2225 volt 
- Eq. (7-22) is for oxidation electrode process and can be written 


as 


/TO- ‘ - CO _ i„ ...(7-2! 

g ox - g ox in 

The expression for reduction electrode potential can be obtaiiie 
from the above equation by reversing the sign. Thus, 


or 


— gox '{■ In 

RT , 

5rcd — In 


Oqx 


...(7 




Example 3. Calculate llte oxidation potential of zinc elect’ 
rode when a Zn-rod is immersed in a solution of zinc sulphate in 
which the activity of Zir^ ions is 0-15. The stainlanl elcctroite 
potential of zinc electrode is 0-76IS volt. 

Solution. The ctcctrodc n-.uy be rcprcsc.-iicd -is 

Za ! En-’ ■ ( li • 0-15) ^ 

Thi? electrode is re.crjiblc to c-uions. V. c ktio-.v t;ut fur 
t he civen by 
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c- ro RT 2-303 RT , 

Zn—-r^ In ^2.ra^^ ^ 2J 

Here g®Zn = 0-7618 volt 

OZn+ ■= 0-15 

and at 25=C ^ 0-0591 

0-0'S9l 

&Zn = 0-7618 - log.„^(015) ^ 

t= 0.7618^0^244 'j •%- ^ ‘ 

= 0-7862^olt 

Example 4. Calculate ihe oxidotioii potential of the following 
electrode at 25°C. 

Ag\Ag Br {s) 1 Br-(a = 0-2) 

The Standard potential of this electrode is —0-0711 volt at 25°C. 


Solution. The electrode is reversible to anions. For this electrode, we 

(W r 


know that 

g = g"~ 

Here 




BT , -o 2-303 RT , ^ 

-j— In a^_-. g j log,„fl^j^ 

go = —0-0711 volt / ' 


at 25^C 


_ c - 7 1 ' + ( ® - 0- 


oci- = 0-2 
2-303 y?r/J - 0-0591 

g = -0-0711-1-0 0591 log, 0 0*2 
^ 0711—0 0113. ^ 




■7 

. o 4 


.... 7// - 

Example 5. Determine the oxidation potential of a redox 
electrode consisting a platinum wire immersed in a solution contain- 
ing stannous and stannic ions at activities of 0 030 and 0-015 res- 
pectively at 25°C. The standard oxidation potential of this 
electrode is — 0 14 volt. 


Solution. For such electrode, we know that 

g 


redox 




aSid-v 


Here 


■r= CO _ 2-303 RT. 
^ redox — 2 j ~ 


"5,i‘+ 


$°rcdox 

■* 


— I- 1-1 volt 
aSiP-v ~ 0-030 
— 0-015 


‘'Sid I 
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at 25CC 


2-3Q3 RT 
^ redox ~ 


00591 

, , 0 0591 , 0 030 

= — 0'l-{40-020o 
= -0 1191 volt. 


JJ^ference Electrodes, To measure the potential of an 
electrode, it is essential that the electrode should be combined with 
some other electrode known as reference electi-ode whose potential 
is known. The electrode potential will be equal to the difference 
of the emf of complete cell and the potential of reference electrode. 
We have already discussed .the use of standard hydrogen electrode 
whose potential is arbitrarily fixed as zero, as the reference electrode. 
Electrodes other than standard hydrogen electrodes are also used as 
reference electrodes. We shall now discuss some commonly used 
reference electrodes. 


vy*(l) Hydrogen Electvede. 
consists of a platinized platinum foil 
ing H+ ions. Pure hydrogen gas at 
1 atni is bubbled through the solu- 
tion. The Pt foil should be immer- 
sed in the solution in such a way 
that about half of its area remains 
in the solution and the rest in the 
gas phase. Hydrogen gas is absor- 
bed fully on the platinum black 
and the equilibrium between the 
gas and its ions is established on 
Pt-foil which also acts as electric 
contact for the electrode. Out of 
several forms of hydrogen electr- 
ode, one is shown in Fig. 7'5, 

The electrode and the elect- 
rode o.xidation reaction are 

Pt I H2(1 atm) I 

iHo H+ + e- 

The potential of the elect*’ 
rode is given by 

RT 


The hydrogen electrode usually 
immersed in a solution contain- 
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because, 6° will be equal to zero by definition. Thp, the potntia! 
of tills e>ectrodc depends on the activity of ions in the solution. 
If H+ ions in the .solution arc at unit activity, the electrode bcconie.s 
standard hydrogen electrode and the value of electrode potential will 
be zero according to Eq. (7 30), Jt should be noted that it Ah* is 
not unity, the potential of hydrogen electrode will not be equal to 
zero 


For correct nicasurement of potential of any electrode using 
standard hydrogen electrode, it is essential that hydrogen and 
platinum surface should be highly pure. Great experimental 
difficulties arc faced in maintaining the pressure of the gas at 1 atm 
and H+ , ions at unit activity in the solution. It is for this reason 
that otlicr secondary reference electrodes have been devised which 
are less capricious and have accurately known electrode potentials. 

Calomel Electrode. The calomel electrode consists of 
mercury in contact with potassium chloride solution saturafed with 
mercurous chloride. The cell is represented as ' 

Hg 1 Hga Clofs) I KCl soln. 

The o.xidation reaction is 

2 Hg+2 Cl- HgXl2(s)+2e- 

The electrode is reversible with anion, the electrode potential is 
given by 


ficnl = S' 


, RT, o 
-}- — in 0 “ 
cal 2y Cl- 


c- L RT. 

=5 + yln«Cl- 


..,(7-31) 


n* 


This .shows that the electrode potential depends on the activitjfof;; 
Cl“ ion.s and hence on the concentration of KCl solution used. Thri^^ 
types of calomel electrodes depending on the concentration of KCl 
solution are in common use. The concentrations of KCl solution 
used aie 0 1 /Y. I'O N, and saturated and the 'corresponding 
electrodes arc called decinormal, uonnal and saturated calomel 
electrodes. Their electrode potentials against standard hydrogen 
electrodes have been accurately determined. The electrodes and 
their oxidation potential at 250C arc 


Hg j Hg.CF (s) I KCl (0-1 /Y) gcai 

HgjHg2CI.2(.s)|KCl(l-0iY) 6C.-.I 

Hg I HgoCIa (j) j KCl (satd. soln.) gc.-ii 


= — 0-333S volt 
= -0-2S0 volt 
= — 0‘2415 volt. 
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A common form of calom cicicc- 
trode is shown in Fig. 7'6. A small 
amount of pure mercury is placed at the 
bottom of tlic tube as shown in the figure. 
The mercury is covered with a paste of 
Hg-iCU (calomel), Hg and KCl solution. 
The vessel is then filled with a solution 
KCl of appropriate strength saturated 
with Hgo Clo. A Pt-wire sealed in glass 
tube with a little portion exposed is 
dipped in Hg at the bottom to make 
electrical contacts. 



Fig. 7 G Calomel Flectrcdc. 

# 

v-'J^y^Silver-Silver Chloride Electrode. Because of tlie 
toxic nature of mercury, silver-silver chloride electrode is widely 
used these days. This electrode is analogous to the calomel elec- 
trode. It consists of a silver wire coated with silver chloride layer 
and immersed in a solution containing Cl" ions. The electrode is 
represented as 

Ag I Ag Cl (s) I Cl- («) 

The oxidation reaction is 

Ag(5)+Cl- Ag Cl(5)4-e- 

The electrode is reversible to Ch ions and the electrode 
potential is given by 


g =6“ +_.-_ln(/cl- ...(7-32) 

Ag-AgCl Ag-AgCl 0 ^ 

The electrode potential of this electrode depends on the acti- 
vity of Cl“ ions. The electrode potential of the following Ag— AgCl 
electrodes at 25‘’C are 

Ag 1 HgCl (s) 1 Cl- (n-=l) gAg-AgCl = —0-2225 volt 

Ag I AgCl (s) I Cl- (saturated) g.\g— AgCl = —0-197 volt 

^^Concentration Cells 

In the cells so far considered, the emf is produced due to^ 
chemical reactions occurring in the cell. There ib another type ot 
cells, ■known as concentration cells, in \C'hich tlie emf arises d ue jo 
f he reversilde transfer of matter fr o m one .re gi t^a xdlJJlCJlciLJp 
a ifdth^.. The substnn^s are present at different concentrations or 
activities in different regions of the cell. Chemic.d reactions, 
of course, occur at different electrodes but tliey are such that the 
chemical change occurring in one half cell is cxactily balanced by 
the reverse chemical change occurring in the other halt celt resul- 
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ting no net chemical change in the cel!. The net process is, there- 
fore, a purely physical change involving the levelling of the 
concentration differences between different points of the cell. 
These concentration cells may be divided into two types : 

(/) Electrode concentration cells, and 
{//) Electrolyte concentration cell. 


(l)/^lcctrode Concentration Cells 

In these cells, the electrodes of the same material but at 
different concentrations or activities are immersed in the same 
solution of an electrolyte containing the ions of the electrode. 
Amalgam electrodes and gaseous electrodes are of this type. Con- 
sider two amalgams of silver at different activities fli and a-y are in 
contact with a silver nitrate solution. The cell may be represented rs 


Ag{Hg) I AgNOa soln [ Ag{Hg) 
Qi fla 


where The electrode reactions are 

At left hand electrode Agfaj) ^ Ag+ -f e- 
At right hand electrode Ag*' 4- e" ^ Ag{fl.>) 

The overall cell reaction * Ag(tfi) ^ Ag(rtjJ ,..{7'33) 

Hence, the net cel! reaction involves no chemical change but involves 
only the transfer of silver at one activity another activity. Utilizing 
Eq. (7T2) the cmf of such cell is given by 



...(7-34) 


For such cells, is necessarily equal to zero because when fli= I 
andfl 3 = l, the two electrode systems will become identical and 
hence no current will flow. Thus, Eq. (7'34) reduces to 


g = - 





or 


g = 


RT 



...(7-35) 


A gaseous electrode concentration cell, for e.^ample, two hydro- 
gen electrodes in which fU gas is passed at two different pressures Pi 
and P 2 be represented as 


Pt I Hp (Pi) 1 HCl soln. I HafP-J ! Pt 
where 'The ovcrall'ccll reaction is 


H2(Pi)^H.. (Po) 
The emf of this cell is given by 


g = 


Rr 



...iT36} 


1 
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Ccl{Jlg) ] CdSOi sola ( Cd{Hg) 

' " tt j « Ja=0-l) . 

For such cell, we know that 

2-303 RT 

Hi 


(a=l) 

Solution. 


In 


At 25®C, the value of 


2-303 RT 
T 

00391 




logit 


«i 


= 0-0391 


Here 


n 

fl, =- 1 ’ 

02 = 0-1 

= 2 
0 0591 


Inc 




/{ 


* 9 


log.o qTj- = 0-02953 volt. 


X 


J22^letroIytic Concentration Cells 

A cell of this type consists of two identical electrodes in con* 
tact with two different solution containing the ions of the electrodes 
at different concentrations or activities. Since the activities of the 
reversible ions arc different at two electrodes, they give different 
electrode potentials. The difference in electrode potentials gives rise 
to the eraf of the cell. 


Depending upon the way in which the two solutions of ditle- 
rent concentrations arc put in physical contact, two case arise. 

(/) When the solutions are in direct contact with each other. 
In this case ions tend to diffuse and transfer of eicctroivtc from 
more concentrated solution to more diifitc solution takes place, 
potential develops at the junction of twcTsoIutions which is called 
liquid-liquid junction potential. This is taken into account when 
computing the eraf of the cell. This cells of this type are called 
coaceatratcou cells with trans ference or concentration cells 
with liquid junction, ^ ' 


(//) When the solutions are not in ilirecl contact ii'/7/Kv. 
other. Such cells have no liquid junctions are hence ;;o c :,v. 
transfer of electrolyte from one solutions to the o4her uic,' 

They do not have liquid-liquid junction potentials. Such - 
cells are called concentration cells withoat - 

concentration cells without liquid-liquid^uctTor. 

Now we shall discuss both types of cdls sc ^ 

latter first. ' 
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Electrolyte concentration cell without Transference 
Consider the cell 

Pt 1 Ha (1 atm) \ HCl (oi) 1 Ag Cl (s) j Ag 
which has the reactions • •f- ' ? 

5 H 3 (1 atm)+AgCI (j) H+(a+)+Cl-{fl-)+Ag(s) 

where (a+) and {«_) represent the activities of hydrogen and chlorine 
ions respectively in the HCl solution of mean ionic activity (a±). 

If two such cells having HCl solutions at different mean ionic 
activities are connected through their silver electrodes so as to oppose 
each other, the combined cell wijl be : 

Pt/Hol latm)/HCl(«i)i/AgCl(s)/Ag/AgCl(s)/HCl(a± hlH-s{ latm)/Pt 
whcrcVila > («±i- The overall cell reaction is simply the sum of 
the two reactions of two component cells. 

Left hand cell lH. 3 (latm) + AgCl(j) Ag(s)+H+(fl^.),+Cr(a_)i 

Right hand cell Ag( s)-HH(n)) 3 +Cr(g-)> ^Haflatml+AgCKs) 
Overall cell reaction H''(fl*) 2 d:Cl~(fl_ja ^ H+(a^.)i-j-Cl“{fl-)i..,(7'37) 

The overall cell reaction shows that no chemical change occurs. 
It only involves the transfer of HCl form mean activity (a^ )2 to 
Utilizing Eq. (7-12) with the fact that g° for such cells is zero, the 
cmf of the cell is given by 


or 


^ tr . ( 0+)2 («-)2 


In 






'■ ff "‘(«±)2 
* ^ Ml 


In 


(«± )'2 
(o±)i 


...(7-38) 


For a general case, when an electrolyte comprises of v+ cations 
and v_ anions, Eq. (7'38) becomes 


5 = 


v± {a±)i 


.(V-39) 


where v = (iv+v_) and it is the valence of the ion with respect to 
which the electrizes arc reversible. The use of v.;. or v_ depends 
upon whether the outer elcctrodeswf the cell are reversible to cations 
or anions respectively. 

Eq. {7'39) gives the cmf of the cell in terms of mean ionic acti- 
titles. If activities of electrolytes arc known in place of mean ionic 
activities, Eq. (7'39) may be written as 
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where {ai )2 > (fl± h. The total emf of the cell will be the algebraic 
sum of left hand electrode potential (oxidation), right hand electrode 
potential (reduction), and liquid-liquid function potential. : The 
liquid-liquid junction potential arises due to the diffusion of ions 
across the bdnndary between two solutions from a higher to a lower 
concentration. The faster ions move across the boundary much 
ahead of those which move slowly and this leads to separation ot 
charges. As the charges are separated in the form of double layer, a 
liquid-liquid function potential sets up. 

To compute the total emf of the cell which is related to the net 
reaction which occurs when one faraday current is withdrawn. We 
shall write the changes at clectrode^and atjiquid function separately 
and then combine them. When one faraday current is withdrawn, 
the electrode reactions are 

« 

At left hand electrode Ag -> Ag+ (flx)i + e~ 

At right hand electrode Ag ^^ (oJa + e- -> Ag 

Net electrode reaction Ag*^ (fl +)2 -> Ag+ {«f)i 

and /_ arc the transport numbers of Ag”* and NOs" ions 
respectively then on passing 1 faraday electricity through tlic cell, If. 
equivalent of Ag"* ions will cross the liquid function from left to 
right and r_ cquivalcnts'^f NO 3 " ions from right to left, as shown in 
Fig 7*7. The reactions at the liquid-liquid function are 

r+ Ag+ t+ Ag+ (a +)2 

(1 -r_) Ag+ (rtJi (1— 1 _) Ag+ («i .)3 
1 - N 03 ~ I- NOj" (u— )i 


...(7-43) * 
...(7'44) - 


• '■» 

l/.' 

V 

or 

and 



Fig. 7-7 Concentration ceil with liquid-liquid junction. 


The net cell reaction can be obtained by combining the net 
electrode reaction and the reaction at the liquid-liquid iunction. 
Thus, adding Eq. (7-42), (7-43), and {7-44), we obtain 
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Ag+(i/i-)a Ag+(rt.)i . 

(1—/-) Ag+ -> (l_r_) Ag- {( 4)2 
^0^~{ci_)'2 — > f_ N 03 “ 

The net cell reaction 

Ag+ [a+h + l- NO 3 - (a,). /. Ag+72i;)7:f7r N03=17 j 

or /_ [Ag+ (a^) 2 +N 03 - (^^^.)o] -> r_ [Ag^- («f.)i+N 03 -(r/_)i] 

Thus, the net reaction involves the transfer of f_ cquivaler 
of silver nitrate from a solution of higher activity to that of low 
activity for the passage of 1 faraday of electricity. 

The emf of the cell can be obtained by applying Eq (7’I2) 
the reaction as reperesented by Eq. (7-45). 5 ° for the cell is zc 
and hence 


or 


5 = 


RT 


tF 

RT 


in 


[{^4)2 (^-)2J‘~ 


= _/ -/‘ 1 _ In 

tF («-^) 2(«-)7 

= 4 I- ('>. 4 ^ 

tF («± )i- 


wherc (u^j, ) = (^ 4 ) (u_) 


= - 2 /_ 


€ =^ 2 /_ 


RT 

tF 

RT 

tF 


In 


In 


h 


In this case the electrodes are reversible to cations, 
electrodes are reversible to anions, e.g., the following cell, 


...(7-46) 
If the 


where 


Ag 1 AgCl (5) 1 HCl {a±), J HCl (rti), j AgCl (j) | Ag 
(a±)i> («±) 2 . the emf of the cell would be 


S = 2 t+ 


RT 

tF 


In 


(«i)2 


(7-47) 


It should be noted that the transference number of the ionic 
species w.hich appears in Eq. (7'46) and (7'47) arc those ionic spe* 
cicies to which the electrodes arc not rcvcrssible. Eor the genera! 
case, where an electrolyte compcriscs of 14 Ctitions and v_ anions, the 
ganeral from of cell emf is • 


V RT . («ar h 
g = « (a±)i 



where v = ( 14 -}- v_) and n is the valence of the ion 
electrodes are reversible. It is seen that bqs. \l 
consistent with the general form. 


fo which tilt 
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Eq. (7’48) represents the cnif of the cell in terms of mean 
ionic activities, {{'activities of electrolytes are known in palce of 
mean ionic activities, Eq. {7'48) may be writhen as 




S 

Since a 

<5 ~ t dt 


1 


RT 

titr 


In 




••■(7-49) 


...(7-50) 


Vi «y 

(fli)*', Eq. (7'49) may be written as 
Vi ntf 

E.vamplc 8. Calculate the emf of the following concentra- 
tion cells with trnasference at 25°C. 

Cell / Ft 1 HAlntm | HCl | HCl | Hi{latm) j pt 

(a.-0C01) (a=01) 

Transference number of Cl~ ion is O' 160 

Cell II Pb I PbSO .1 {s) \ CuSO^ 1 CiiSOi | PbSoi{s) 1 Pb 

(fli^0-0.'2) (a±==0-00GI); 

Transference number of Cu'* ion is 0‘370 

Solution. 

Cell I Since tlie extreme electrodes are reversible to cations and activites 
arc given, we know that 


S =>- 


y 


at 25=C. 


JL JHL 

Vt- nj 

Here /_ = O-ICO 

v^. = 1 
a, = 0001 
a^ =■- 0-1 
/» = 1 

2-303 RT 


In 


02 , 1 2-303 RT , a, 
ai v+ nj a, 


: 0-0591 

„ 0-0591 , 

— O-lCOx j — logio 


0J_ 

0-001 


^ 0-100x0-0599x2 
== 0-01889 volt. 

Cell II Since the extreme electrodes are reversible to anions and mean 
ionic activities are given, we knosv that 


g = -/(■ 
Here / 


v_ nj 
■f 0-370 




■ —ti. 


1 


{o±), 

CuSOa CuVh+sOa’- 


^ 2-30.3 RT . (fli)2 
v+ (oi), 


at 25'^G 2-303 


■ 0-0591 


_RT_ 

(ai), = 0-022 
(ai)2 == O-OOGI 
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^ = 0-370X ~ 


oo:) 9 i 


I u 


n-oouj 

oozr 


= 0-370 x 0 0591xO-53G> 

=0-01172 volt 

N-^Pfie Salt Bridge for ordinary laboratary purposes, tin 
liquid-liquid junction potential can be eliminated or reduced t( 
negligible amount if the solutions two half cells are connected b: 
means of a salt bridge as shown in Fig. 7 'S. Tliesalt bridge is an invc 



ethed* 


Fig. 7-a S.ilt bridge 

rted U-tube containing saturated solution of cither KCl or NH.1NO3. 
The electrolyte is generally set in agar-agar gc). The ends of the 
tube are often plugged with a porous material such cotton or glass 
wool to prevent the excessive diffusion. The concentration of the 
salt solution must be very high of the solution function so that al- 
most whole of the current is carried out by the ions of the 
salt and hence the effect of difference between the two electrode 
solutions is almost suppressed. This for tliis reason that saturated 
solution of the salt is used in making the salt bridge. The exact 
mechanism of the salt bridge is not yet clearly known but it is supp- 
osed to be associated with the fact that the transport numbers of 
cations and anions of the salt in the bridge almost equal. Thus, 
the potential developed between one solution and the potential bet- 
ween otlier solution and bridge solution, being approximately equal 
in magnitude but opposite in sign, almost cancel out. 

Electrolyte Concentration cells with Eliminateil Liquid- 
Liquid junction Potentials Consider the following cell 

Ag I Ag NO3 (n±)i 11 Ag NO3 1 Ag 

where {n±)i. Here the two half cells are joined via salt 

bridge. The electrode reaction are 

At left hand electrode Ag -> Ag*" (Of)i + 

At right hand electrode Ag*^ e~ -» Ag 

Net electrodes reaction Ag*^ {0^)2 -»■ A'* \ -- 
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Since liquid-liquid junction potential is eliminated witK the help 
of salt bridge, Eq, {7'5 1) may be taken as the overall cell reaction. 
Utilizing Eq. (7‘12) with the fact that for such cells is zero, the 
cmf of the cel! is given by 


_ In _ 

" y (fl±) 


By definition (a±}'’ = a- 
If it is assumed that 

then fl_ 

Hence Eq. (7’52) may be written as 



For the general case. 


(njr )-2 

{«±h 





•••{7-52) 


...(7-53) 






In (^^>2 

"ff {aj.h 


...{7-54) 


where n is the valence of the ion to which the electrodes are reve- 
rsible. When the electrodes are reversible to cations, the positive 
sign is applicable and when the electrodes are reversible to anions, 
the negative sign is applicable. 


Example 9, Calculate the emf of the following concentrations 
■'-Us at 25^C. 

'•'Cell I. Zn I Zn SO 4 {fl±=0-01) || Zn SO.j {o± = O’l) | Zn 

Cell II. Ag 1 Ag Cl (.V) 1 Li Cl {a± = 0-2) || Li Cl 

{Oi =0-01)1 Ag Cl (s)lAg 

Soliilion. 


Ci'H 1 Sinre the elcclroclcs are reversible to cations, we know that 


2 

0’f>\ 


'^03 RT 
"7 


.at 2.=>'^C 


Here n 

( "i) > o-> 

2-30 3 RT 
5 

00591 

S 2 


-= 0 0391 


= log,o 


log, 


(«ij2 


0-1 

O-Ot 


0 0591 


0’02953 volt. 


Cell II 


Since the electrodes .arc reversible to anions, we know that 


S 


RT (ai), 2-303 /tr (a±)2 

/n (ai), 
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Here n = I 

(«i)l = 0-'> 


at 25''C 


( a ±)2 
2-303 RT 


001 

00591 




n-0591, 

f— logto 


001 

0 - 2 ' 


= 0-0591 log.o c= 0-0591 X 1-3010 

= 0-07GS0volt 


^^Calculation of liquid-liquid Junction Potential Tlic net 
sniTof a cell with transference is the algebraic sum of the cleclrcile 
potentials and the liquid-liquid junction potential. Thus, 

5cell = (Si + ^2 + 

where (Si is the oxidation potential of the left hand electrode, Sz is 
the 'reduction potential of the right liand electrode, 'and (Sj is the 
liquid-liquid junction potential. The liquid-liquid junction potential 
may be given by 

gj = Seen + ...{7’55) 

Now consider the following cell with transference 

Ag 1 Ag NO 3 (fl±)i I Ag NO 3 (rt ±)3 I Ag 
rhe cmf of the cell is given by Fq. (7-46), 


£cdi-2t^-^ln 


...(7.56) 


Now if the liquid-liquid junction of the above cell is eliminated with 
:he help of the salt bridge, tnc cmf of the cell will be the algebraic 
aim of gi and (Sa- Thus, from Eq. (7'53) we can write 


substituting Eqs, (7'56) and 17'37) in Eq. (7’55), we get 


...(7-57) 




= 2 (- 




= (2/--1) 


RT 


In 


frt±)a 


(«i)2 
("± )i 


y ■■■ («i-)i 
Since = 1 — 

RT , _ (0^)2 


Sj = 


y 


In 
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from this cqutaion it is evident that the sign of Sj depends on the 
values of and /■_. If is very nearly equal to the value of Si 
will be very small. 

JDet'ermination of pH, ' 

The pH of a solution may be determined easily by emf 
measurements. A cell is set up in which an indicator electrode 
reversible to H‘ ions is immersed in the solution whose pH value is 
to be determined and the other reference electrode is generally 
calomel electrode. The calomel electrode is either immersed into 
the solution directly or connected with the help of a salt bridge. 
The emf of the cell is determined, using potentiometer. The elect- 
rode potential of calomel electrode when subtracted from emf of 
the cell gives the electrode potential of the indicator electrode. 
From this value, the pH of the solution can be evaluated using a 
suitable electrode potential equation. Most commonly used indicator 
electrodes reversible to H+ ions are (/) hydrogen electrode, (//) quin- 
hydrene electrode and (///) glass electrode. Now we shall discuss 
the use of these electrodes for the determination of pH separately. 

' (/) Use of Hydrogen Electrode. The e,\pression for the 
electrode potential of hydrogen electrode as given by Eq. tl‘30) may 
be written as . ^ 


Hn 


RT 


In Ah'* 


or 

Since 


2-303 RT , 

H. = logio 


- logjo Ah = pH 

. 2-303 /?r „ 

Sh2 = ^ pH 


...(7-59) 


when hydrogen electrode is immersed in the solution whose pH is 
to be determined is coupled with saturated calmol electrode, the 
cell is formulated as 


Pt I Ho (1 atm) I solution of H KCl (satd soln) 1 Hgo Clo(s) j Hg 
1 unknown pH [j 

The emf of the cell is given by 


SecU 


5Hi — Seal 


2-303 RT 


pH-,5c.il 
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At25°C, 0-0591 

’3 


or 


Sccl] =1 0-0591 pH — ^cal 


pH 


Sccll-rScai 

0-0591 


...(7-60) 


In this case we have used saturated calomel electrode, the electrode 
potential of which at 25'C is -0*2415 volt. Substituting inEq, (7*60) 
we get 


pH 


gccii-0*2415 

0*0591 


...(7-61) 


If a calomel electrode other than the saturated c-alomel electrode is 
used, the appropriate value of gcal is to be substitued in Eq. (7*60). 

Example 9. At 25°, the cmf of the cell 
Pt I Hn (1 atm) I solution of |j KCl [said soln) | i/ga Clj, {s) j Hg 
I unknown pH j| 

is 0 445 volt. Calculated the pH of the solution. 


Solution We know that /or such a ceil 
0:0591 

Here gccll = 0-H5 volt 

O.-Wa— 0-2415 


pH = 


00591 


=3-44 


(//) Use of Q,umhydrone Electrode. Quinhydrone is a loose 
chemical compound which contains quinoue and hydroquinone in 
equimolecular quantities. If some quantity of quinhydrone is added 
to a solution whose pH is to be determined and a platinum wire 
is dipped into it, an electrode is set up. Since hydroquinone is a 
reduction product of quinone, this electrode is oxidation-reduction 
or redo.x electrode. The cell is repacsented as 


Pt I Solution sated with quinhydrone 

and the oxidation reaction is 

CgH.i(OH) 3 = C6H.j02-f2H+-{-2 e" 
Hydroquinone quinone 

The oxidation electrode potential is given by 


SQ = 


RT 


13 


- In 


^quinone X 




^hydroquinone 
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Since quinone and hydroquinone are present in equimolecular 
quantities, Ajuiaoae = flhydroquinonej Eq, (7‘62) reduces to 


gQ = Sq’ - 

- 2jr 


y In aH+ 


2*303 itr, 

gr Iogi(,aH+ 

gQ = 

, 2*303 KT __ 

+ ? 


...(7*63) 


This equation shows that quinhydrone electrode is reversible 
to H+ ions and behaves as a form of hydrogen electrode. At 25‘’C. 
the vqjue of is found to be 0*6994 volt and the value of 2*303 
RTj^ is 0'0591. Hence Eq. (7*63) may be written as 

SQ= 0-6994 + 0 0591 pH ...(7-64) 

The pH of the solution is determined by combining quin- 
hydrone electrode with a calomel electrode and measuring the emf 
of the complete cell using potentiometer. The complete cell may 
be represented as 

Hg; — HgoCla | KCI (soln) tl Solution (unknown pH) | Pt 

11 Saturated with Quinhydrone 

The emf of the cell is given by 

^ccU = gcal — Sq . 

' = 0-6|94— J-0591 pH (at 25"C) 

or / ..,(7-65) 

Thus, by measuring gcdl and substituting the appropriate value of 
gcal, the pH of the solution can be evaluated. 

Quinhydrone electrode is very usefui in pH measurements. It 
can be used in presence of reducible substances such as Cu, Zn, Pb, 
Cd salts, unsaturated acids, etc. However, it gives erratic values in 
presence of NH4+ ions. Upto pH =7-1, the electrode acts as 
positive electrode against normal calomel electrode and above this 
value it starts acting as negative electrode. In a solution of pH>8-5, 
oxygen of the air reacts with hydroquinone and the electrode equili- 
brium is disturbed giving erratic results. Thus, in more alkaline 
solution this electrode should not be used. 
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Example 10, The emf of the cell 

HgUgnCl^is) I KCl (said) // with Quinhy drone / Pt is Pit 
volt at 25°C. If S cal at 25°C. is— 0-2415 voir, calculate the pH oj 
the solution. 


Solution. We know that 


pH — Seal — 5cell — 0*6994 
^ 0 0591 


Here 


£caJ 


= — 0*2415 volt 


(£cell= —1*16 volt 


pH = 


—0*2315— (—1*16)— 0*6994 _ 0*2191 
o-Ojyi o-OdsI 

3-707 


''^(iii) Use of Glass Electrode. It has been established e,xperi- 
mentailly that when a solution is separated from other solution at 
different H+ ion activity by a glass membrane, a potential exists 
across the membrance which depends primarily on the difference of 
the activities of H*** ions in the two solutions. If the activity of H+ 
ions in one of the solution is kept constant and in the other is 
changed, the potential of the glass electrode is given by 


5 = 5 V. — Jr in a„+ 


\.G 


= 


2-303 RT 


lOglo 


or 


^ „ , 2-303RT 

5 G + — 


pH 


...{7*66) 


where is a constant for a particular glass electrode. From Eq. 
(7*66), it is evident that glass electrode is also reversible to H+ ion, 
and can be used to measure pH of solutions. 

A glass electrode consists of a tube, made of special glass of 
very high resistance and low melting point, which ends in a thin- 
walled bulb at the bottom. The bulb is filled with a solun'on of 
constant pH and an electrode of definite potential is dipped into it. 
For this purpose generally (i) silver-silver chloride electrode with 0*1 
Af HCl solution or (//) a platinum wire immersed in a buffer solu- 
tion (0*05 M Potassium hydrogen phthalate) saturated with qunihy- 
drone is used. Fig. 7*9 shows a glass electrode contaning silver- 
silver chloride electrode 0*1 with MHCl solution. The cell is 
represented as . - 

Ag I AgCl(s) I HCl (O-LU)— glass 
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Fig 7‘9 Glass Electrode 

iTo measure the pH of a solution, the glass electrode is immer- 
sed in it and is coupled with calomel electrode. The cell may be- 
formulated as 

Ag ( AgCl (s) 1 HCl (OT M) \ glass j Solution of ] Calomel 

I unknown pH | Electrode 

The eraf of the cell is determined with a-special vacuum tube poten- 
tiometer because the resistance of the thin wall of the bulb is very 
high and hence ordinary poteptidmeter can not.be used. The.emf 
of 'thecellis > . •' 


.1 , SecU ~.5G— Seal ( 




, 2’3Q3RT 


pH— gcdl 


g°tfffQ*0591,pH -gcai.(at 25°C) 


on .. . 


pH = 


0 ' 05 ? 1 , , , 


.(7-67) 


As already stated, g°G is a constant for a 'particular' electrode,. it is 
determined separately. Thus, knowing the value of gcal and g°G, 
the pH of .the solution 'can be evaluated. , ' . • ‘ ,' v , , 

i ^ j, \ • . . * *. t**. t r. • 


Glass electrodes are widely used for pH determinatiocis because 
they are not positioned easily and remain unaffected even by strong 
oxidising and reducing agents: ‘ j ■ 
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^^termination of Transport Number of - Ions from EMF 
Vleasurements, The transport number of ions can be determined 
3 y measuring the emf of-a concentration cell composed of two solu- 
tions of the salt containing the ions in questiqn at different activities. 
For example, to (determine the transport number of Ag+ and NO 3 " 
ions, the following cell is set up 

Ag ] AgNOs (fli) 1 AgNOs {« 2 ) I Ag ...(7-68) 


Fhe emf of the cell is measured which is related to the transport 
number of NOa" by Eq. (7-50), i.e.. 



a-2 


...(7-69) 


riius', knowing Oi, Oo and g, the transport number t- can be cva- 
uate(d. 

Example 11. The emf of the concentration cell 
- Ag \ AgNOs {a = 0-00096) \ AgNOs (a = 0-085) 1 Ag 

's 0-0556 volt at 25°C. Calculate the transport number of Ag-*- and 
1^ 0 z~ ions. 


Solution. Since the e.\trcme electrodes are reversible to cations we know 
that 

^ I RT az 1 2-303 RT , az 

■ ^ T ^ • 

Here g = 0-0536 volt 

H = 1 

a\ == 0-00096 
02 = 0-085 
2-303 RT 


At 250 c, 




0-0591 


’ 0-035 

0-0556 , X 0-0591 logio (HWOSd 


Since 


r_ 

t+ : 


/_ X 0-0591 X 1-9-171 
0-0336' 


= 0-183 


0- 0591 Xl-!H71 

1 — 1 _ 

= 1—0-183 =0-517 

The transport number of Ag+ ions = 0-517 and N' 03 '' ions > 

There is another method of determining transference nuni!' 
of ions. This method is based on the measurements of eml s 
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concentration cells with and without transference containing the 
same electrolytes at the same activities. For example, consider the 
following cells : 

( » ) Pt I Ha (1 atm) 1 HCl { HCl | Ha (1 atm) 1 Pt 

(fli) (fla) 

(ii ) Pt I Ha (1 atm) j HCl { AgCl (j) | Ag | AgCl (s) ] HCl f 

(ai) (aa) 

Ha (1 atm) } Pt 

Utilizing Eq. (7’50), the emf gj of the concentration cell with trans- 
ference (/) is given by 

and utilizing Eq. (7'41), emf ga of the concentration cell without 
transference (//) is given by 

52 - ^ lag ...(7-71) 


Dividing Eq. (7-70) by Eq. {7‘7l), we get 

1='- ••■<’•’2) 

Thus, by measuring gi and ga, the transference number r_ can be 
evaluated. 


For a general case, Eq. (7'72) may be written as 


51 

52 


= tT 


...(7-73) 


If outer electrodes are reversible to cations the transference number 
refers to anion i.e., r_ and if the outer electrodes are reversible to 
anions, the transference number refers to cation i.e., r+. 


TEST YOUR KNOWLEDGE 


1. Complete ibc foUowiag : 
(0 ... = 
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<‘v) S 


( "^A )ax(SB)'» 


flZn*+ 

<v) At250G, 5=5“ log.oaQ^ 
RT 

{Vi) Scu “ ^Cu-'TT"*” 


'{vii) 

g(jl= 

JJT 

{vlii) 

^rcd 

RT 

= ^ red+ ffj •" 

iix) 

^Cal 

4-^ 

= ® cal +2J - 

U) 

®Ag- 

- AgCl “ ^“Ag~AgCl 

{xl) 

5 = 

V RT , 

=*= Vi nj ” ■” 

(Xll) 

6 = 

1 RT , 

{xiii) 

S = 

V R.7* , (<Jab)r 

(xiv) 

5 = 

1 RT , a, 

•■' v_ nO? ” fl! 

(XV) 

5 - 

RT, 

i ^In... 


(Arvo 5i=’(--^+)„y 
(xvii) gH, = ... pH 

(XV//0 5 e = 5° e+ -. 

(at/a:) .., = gcal gcal g°G 
0-0591 


(at-v) ^ = 

§3 


• 1* 


PHYSICAL CHEMISTRY 


2. Gitc a term for each of the folloniog : 

(i) Cell used for converting chemical energy into’' electrical energy. 

{/i) The overall chemical reaction in a electrochemical cell. 

(///) The chemical reaction at one electrode. 

(iv) Property by virtue of which a metal tends to go into solution in the 
form of positive ions. 

(v) Electrodes having oxidised and reduced states in equilibrium. 

(v/) The potential of an electrode when the substances involved are at unit 
activity. 

(v/i) Electrode potential based on the electrode oxidation reaction. 

(viil) The cell in which the cmf arises due to transfer of matter from one 
region to another region of the cell. 

(ix) A potential c.xisting across the interface of two liquid solutions. 

3. Fill in the blanks with appropriate words : 

( / ) The electrode from which electrons pass to the outer circuit is called 
negative electrode or... 

( i/ ) O.xidation occurs at..., while reduction at 

(HI) If the electrode is... charged, and when P<Tr, the electrode 

is.. .charged. 

(if) In the formulation of a cell, the anode half cell is written on the... 
hand side and cathode half cell on the.. .hand side. 

(v) The potential of normal hydrogen electrode is taken arbitrarily equal 
to... 

(vi) The,. .value of electrode oxidation potential shows that oxidation 
occurs spontaneously at the electrode. 

U'ii) The reduction potentials can be obtained by reversing the sign of... 
potential. ! 

(yiJi) The cmf of a cell is equal to the algebraic sum of.. .potential of left 
hand electrode and. ..potential of right hand electrode. 

(ix) The emf of a cell is equal to the.. .of oxidation potentials of two 
electrodes. 

(x) The calomel electrode containing saturated solution of KCU is called... 
electrode. 

(xi) The electrolyte concentration cell i3...transfcrence when two solutions 
are in direct contact and.. .transference when an intermediate elect- 
rode is introduced between the two solutions. 

KEY 

1. O') 00 — AH/t'CP. (Hi) 00 (0 0 0591 (vl) 2J, 

(v/0 +. (v/'O ('Jt) ln(>»Cl-)» (,V)ln iCl- (.V/) (a±),/(a±)„ 

(A») (xtil) T (.T/i-)— .(xv) (c±)j/(a±), (xw) r_, (xv/f) 2-303 RT/J. 

(xvii'i) pH, (xix) pH, (xx) /± 





[O Electrochemical cell or Galvanic cell, (if) Cell rcactlcr. F^:,' 
•eaction, (iV) Solution pressure, (v) Redox electrodes, (.r Sel-ilr- eV 
■todc potential, (vif) Oxidation potential, (visi) Cencer.trir'.,— oF 
(ix) Liquid-liquid junction potential. 

(i) anode, (if) anode, cathode, (Hi) negatively, positively, .hi le:':. -'c'" 
(v) zero, (vt) positive (v//) oxidation, (\iii) oxidation, redv'.ctiea. t£r' iT'V 
rence (.v) saturated calomel (xi) with, without. 

^iUESTIONS 


What is an electrochemical or galwanic cell ? Describe D-tnicil oeii axa its 
function. What is the source of energy in this ceil ? 

What are reversible and irreversible ells ? Give one example of o.tch eel:. 

Describe potentiometric method for measuring einf of a cell. 

What are the requirements of a standard cell ? Describe Weston st.ta,iar.; 
cell in detail. 


Describe Nernst solution pressure theory. What is the modern theory of 
electrode potential ? 


Write a note on notation and sign convention of electrochemical cells. 

W'hat do you understand by a ‘reversible electrode' ? Describe v.uious 
types of reversible electrodes. r 

What is Nernst equation ? Show how this equation is used in culciil.itliig 
the emf of a cell ? 

What is single electrode potential ? Obtain an expression for tlic potciiti.d 
of an electrode. 

W'hat are redox electrodes ? Give examples. Obtain an expression for iho 
redox potential of an electrode. 


What are ‘standard oxidation potentials’ ? Give their significance. How 
the standard oxidation potential of an electrode can be obtained ? 

ViEatare reference electrodes ?• Describe the construction and working cl 
(a) hydrogen (b) calomel and (c) Ag — Ag Cl electrode. 


V.tiat are concentration cells ? Obtain an expression fot '•‘•a* •*" 

electrode concentration cell. 


Wcat do you understanding by electrolyte concentration 
«preisic,n for the emf of a concentration ctU’«itr.oet arc rc'cr- 

(ii taeel^trcdes are reversible to cations and (if) the clcc r 


^ to anions. 


expression 


for the emf of a conceatrsacn ,;,(.t/cc(rix!cs 


cell with ir.imfcrf'"-'*' 

. ^ — .. • .■--(.•rmv'cs 

ween the electrodes are reversible to cations and ft ) 

“-trevernhie to anions, , • 

r. ' - uiien ‘"I" 


expreanens for the emf of a con 


c: r'f 


... 

^..unctxn potential is eUrninated 1(11(8 
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9. Deicribe cjuinbydronc electrode and show how it is used in the measure- 
ment of pH of a solution, 

;0. Describe glass electrode and discuss how it is used in tile measurement of 
pH of a solution. 

!1. How transport number of ions can be determined by emf method ? 

12. The emf of the cell 

/ Ft 1 Hi ! HCl (a == I-O) I Ag CUs) 1 Ag 

is O'222'I volt at 25'^C and its temperature coeSicient is — d'45 x 10"' volt 


12 . 


24. 


i-oltj 


25. 


deg"'. Calculate ^G, /\U and /^S for the reaction occurring in the cell. 

[Ans. = — dHO cal, = — 95B0 cal, = — 14’9 cal deg"j 

Calculate the emf of the following cell at 25-C 

Zn I Zn' i (a =0 012) a H+ (a=0-01) | Hi (1 atm) | Pt 'll 

The standard emf of this cell is 0-7618 volt. 

[Ads. 0^ 

- Calculate the oxidation potentials of the following electrodes at 25^0. 

(i) Pt 1 Hi (1 atm) I Ht (fl = 0-08) goH, = 0 

it) Cu j Cu-t-f- (a = 0-12) = — 0-337 volt. 

^iii) Pt I FeS (a=0 018), Fc'-t (a = 0-09) = —OGTl volt. 

^ (tv) (Pt— Ir) 1 Cl, (I atm) \ Cl" (a = 0 2) CU = —1-3595 volt. 

(Ans. (/■) 0'0649 volt (//) — 0-31 volt (Hi) — 0-73 volt 
(f^l 4U volt] 

Calculate the potential of the following concentration cell at 25*^0, 

Pb ( Hg) I Pb (NO.)i I Pb (Hg) 
ta-ij'O) (<j = 0-05) 


1 


;vi 


20 


27. 


[Ans- 0 02955 volt] 

Calculate the emf of the following cell at 25t^C. 

Cd 1 Cd SO. 's) 1 PbSO.fs I Pb I Pb SO.(j) 1 Cd SO. ] Cd 
a=0-004 (a=U-4) 

. [.Ans. 0-1182 volt J 

Calculate the emf of the following cell at 25~C. 

Ag ) Ag Cl (4-) I NaCl 1 NaiHg) j i\a Cl j Ag Cl(s) | Ag 
(o = 0-2) (0 = 0-001) 

[Ans. 0-1360 volt] 

Calculate the emf of the following concentration cells with transference 
at 25=C. 

(0 Ag 1 Ag .\Oi (a = 0-005) ] AgNO, (a = 0-05) | Ag 
The transference number of KO,~ iun is 0-535) 

(it) Ilg i Hgi SO. (4) 1 Cd SO. 1 CdSO. I HgiSO. (s) ! Hg 
(a=0-l) (o=0-0U5) 

The transference number of CdH ion is 0-356. 

(Ans. (t) 0-0699 volt, (U) 0-04841 volt] 


29. Calculate the emf of the following concentration cells at 25t^C. 

(/) Cd I CdSO. (a~=0 003)=CdSO. (o± == 0-03) ] Cd 

(//) Ag I AgBr(4-) i Hr" (ai = 0-72)=Br- (ai 0 072) I AgBr(.s) | Ag 

[Ans. (/) 0-02955 volt (//) (0-0591 volt] 
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962S 

9675 

9722 

976S 9773 


2 3341556 

2 3341556 
2 334 556 
334 456 

234 456 
334 456 
2 234 455 
2 234 4SS 
2 234 4SS 
2 234 455 

2 333 455 

3 233 455 

2 233 445 

3 233 445 
2 233 445 
2 233 445 
2 233 
2 233 
2 233 
2 233j 
2 333 
2 233 

323 
333 
333 344 

223 344 
233 
223 

233 344 
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ANTILOGARTTHMS 


2 13 4 


3162 3170 3177 
3236 3243 3251 
33” 3319 3327 
339613404 

3475 34S3 

5S I! 3548 13555 3555 
3039 3648 

571:371513724 373313 


60 ;!39 Si 1399013999 
4083 1 4093 
82 11416914178 418S 
63 1,426614276 42S5 
4375 4385 

65 ;i 4467 1 4477 44S7 
4581 4592 

46SS 4699 
4797 4808 
4909 4920 

3023 5035 
5140 5152 
5260 5272 
5383 5395 
550S 5S2I 

5635 5649 

78 11575415763 5781 
5902 5916 
6039 6053 
6180 6194 

80 1; 631016324 63 


6776 

6934 

65 II 7079 1 7096 

7261 17278 

37 117413' 


90 1 7943 


95 118913 


935419375 


8 9 


3289 1 32061 3304 
3365 1 3373 '33S I 
j44j 1 34^1 . jt 59 
5t 
62 


31 

4943 1 4955 14966 

5058 
5176 

5297 

5420 

5545 
5675 

5S0S 
5943 
60S1 
6223 
6368 

6 S 16 I 6531 I 6546 

6668 



464 s 

4753 
4S64 

4977 

5093 

5212 

5333 1 5346; 5358 

5458 

558515598:5010 


-567 
2=13 45567 

22 i 3 45557 
22 3 4 5 667 
22345 667 

2234s 677 
23345 678 
23345 67s 
23445 57s 

23455 678 

23456 678 

23456 789 
2 314 5 6 789 

23I4 56789 
23 j 4 5 6 7 S 9 
12314-56 789 


6412 
6561 

67141673016745 

6 S’iI 

703117047,7063 


7499:7516 



23 
235 

235 6 8Td 
235 7 810 
235 7 8 10 
23s 7 910 

245 7 9” 
24s 7 9” 
2467 9 II 
246;S 911 

24 6 8 10 12 
246 | 8 io 12 J 

246 8 10 12 

246 8 10 12 j 
246 8 II 13! 
247j9” 13! 
247i9” 13 
257I911 uj 


,12 13 15 
1213 15 
12 14 16 
12 14 16 

1314 16 

1315 17 
1315 17 
1415 17 

!i4 16 18 

14 16 iS 

ji 5 i 7 19 

115 17 19 

15 17 20 

16 18 20 
16 iS 20 


































